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FOREWORD

!his report describes a computer program developed at the Douglas Air-
craft Division ow'the M.Donnell -Dou&!as Corporation, Long Beach, Cali-
fornia. The development of the Douglas lypersonic Arbitr ary-.Body Aero-
dypiamic Computer Pi.ograr-i was started in 1964 and greatly expanded in
subsequent years under sponsorship of the Douglas Independent Research

and Development Program (IRAD). From Aute96 to May 1967 th 7IL 1 ica Systems Division, Directorate of -Analysis, Wright- Patterson Air
Force Base, O1hio by Mr. R. K(. Mills, Project Engineo~r (ASBED-30).
The product of this work was the Mark UI version of the prga as released
for use by govern-ment agencies in May 1967. The latest version of theI , program as Presented in this report (the Mark III version I is an extensively
revised version of the earlier Mark 11 programn. This version has beenIj przpared as a resialt of both 1967-68 Douglas IAD work and another Air
Force contract (F313615 67 C 1602). This contract was administered by the
Air Force Flight Dynamics L4aboratory, Flight Mechanics Division, Gas
Dynamics Branch, Mr. Valentine Dahlexn, Project Engineer (FDMG).
At the Douglas Aircraft Division this work was conducted under the
direction of Mr. A. E. Gentr-y as Principal Investigator. A number of
people contributed to the various phases of this work for which the author
is grateful. Mr. D. N. Smythn provided valuable consulting services in
many phases of this work and prepared the new skin friction techniques
incorporated in the Mark III version. Mr. W. R. Oliver's work in applyingI : the various versions of this program to practical design problems con-
tributed both in program design and in program validation. Others partici-
pating in this work include Messrs. G. D. Buell, J. L. Lundry, N. F.

Wasson, and B3. G. Wilson.
Special appreciation is extended to the various users of the earlier versions
of this program for their valuable suggestions in a number of areas and forIL their efforts In adapting and running earlier versions of the tr ogram on the
different types. of computers. TKhese include Messrs. Fred White, Jr. (A--r
Force ASBED.-30), Don Shereda (Air Force FDMG), Ralph Carmichael and3 Charles Castolano (NASA Ames), C. L. W. Edwards (NASA Langley),
Ralph Grahm (NASA Houston), Ray E. Aley (Lockheed Electronics Co.,
Houston), and R. E. Finch, A. W. Marziane, and J. H. Kainer (Aerospace
Corp.)£ This computer program and docurnentation report were released for general
use by the author and by the Guidance and Control Section, ASBED-30,
Wright -Patterson Air Force Base, in April 1968. Thbis program and report
are provided in the interest of information exchange. Responsibility for
the contents resta with the author or organization "hat prepared it.

The dis ibution of comiputer program decks for the Mark IlI version is
handled 'he author.
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ABSTRACT

This report describes a digital computer program system that is capable
of calculating the hypersonic aerodynamic c-haracteristics of comple%
three-dimensional shapes. The outstanding featuras of this program are
its flexibility in covering a very wide variety of problems and the multitude
of program options available. The progarn is a combination ef techniques
and capabilities necessary in performing a cox--plete aerodynamic analysis
of hypersonic shapes, These include vehicle geometry generation and
description, visual graphics necessary in handling geometry data and in
preparing plots of the final aerodynamic data, aerodynamic calculations
of surface pressures and skin friction forces, and the integration of these
forces to give all aerodynamic coefficients and stability derivatives. -

The geometric description techniques in thif program provide the capability
of handling completely arbitrary three-dimensional shapes. The procedure

developed to check the accuracy of 'he geometric data uses a computer and
automatic recorder to draw pictures of the vehicle viewed from any angle,

The pressure calculation methods provided within the program include
modified Newtonian, blunt-body Newtonian- Pr andtl -Meyer, tangent-wedge,
tangent-cone, shock- expansion, Prandtl-Meyer expansion, blast wave,
modified tangent-cone, boundary -layer induced pressures, free -molecular
flow, and a number of empirical relationships. The pressure calculation
method most suitable for each component of the vehicle is specified by the
aerodynamicist. Viscous forces are also calculated and include viscous-
inviscid interaction effects. Skin friction options include the Rference
Temperature and the Reference Enthalpy methods (for both laminar and
turbulent flow), the Spalding-Chi method (turbulent), and a special blunt
body skin friction method. Control surface deflection pressures, including
separation effects that may be caused by thr deflected surface, are also
calculated.

The program has been used to study a wide variety of hypersonic vehicle
shapes including hypersonic cruise aircraft, air-breathing booster air-
craft, blunt lifting reentry bodies, high L/t' reentry vehicles, blunt
reentry capsules, rocket boosters, reentry warheads, and satellite shapes.

The program is documented in two voluines. Volume I is primarily a
User's Manual, and Volume II contains the Program Formulation and
Listings.

iii,
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SECTION I

INTRODUCTION

The objectives of the research work that led to this program were to (1) de-
velop methods for determining the aerodynamic force characteristics of
hypersonic vehicles regardless of the vehicle shape or flignt condition,
(2) program those techniques that required digital computer capability for
practical and efficient application, and (3) verify these techniques by com-
paring the analytical results with test data.

At the start of this research project a list of guiding objectives was estab-
lished to insure successful completion of the work. Major features desired
in the final analysis system would:

1. Provide the ability to analyze completely arbitrary
three-dimensional shapes.

2. Provide a component build-up capability where each
vehicle component may be of arbitrary shape.

3. Include a number oX force analysis methods so that
the system would have the widest possible applica-
tion to various vehicle shapes and flight conditions.

4. Provide the capability to use the best force calculation
method for each vehicle component.

5. Provide methods for analyzing simple shapes within a
minimum time period.

6. Develop a total analysis system framework that is
adaptable to continued improvement and expansion.

The initial phase of this work was started in late 1964 and continued ii 1965
as pa-t of a Douglas Independent Research and Development Study. During
that time a general arbitrary body force analysis approach was derived for
hypersonic vehicles, the important basic components of the computer sys-
tem were written and checked out, and the system demonstrated by applica-
tion to several vehicles of completely arbitrary shape. All of this was ac-
complished under a very modest work effort.

During 1966 this work effort was expanded slightly and new capability added
to the program system. This included the incorporation of several ncw
force calculation methods, and the expansion of the force program to cal-
culate vehicle static and dynamic stability derivatives.

In August of 1966, the program development was continued under Air Force
Contract F33615 67 C 1003. This work included further expansion ot the
force calculation methods, the addition of new geometry descriptioA fea-
tures, the incorporation of control surface derivative calculations, the
consolidation of all the system components to form one large program, and



the preparation of complete program documentation information. The final
31 prograrn resulting from this work was identified as the Mark 1i version of

the Hypersonic Arbitrary-Body Aerodynamic Computer Program.

During 1967 -1968 the program development was continued under Douglas
IRAD and another Air Force Contract (F33615 67 C 1602). During this
period a number of major program modificatiuns were accomplished in-
cluding the addition of a number of new pressuie calculation options, ex-
tensive revision to the skin friction parts of the program, and conversion
of the program to operate on different computers. The program resulting
from this work is identified as the Mark III version.

Throughout this report it will be assumed that the reader is familiar with
the contents of Volume I, the User's Manual. Discnssions of earlier
versions of this program are given in References 1 and 2.

Both Volu.nes I and II of this report are essentially revised editions of
the earlier Mark I program report (Reference Z). The differences be-
twee: the Mark III and Mark II reports reflect the modifications and new
capabilities provided by the latest version.

This report 1contains descriptions of the analysis techniques used within
* tho program, Throughout these discussions an attempt has Ireen made to

maintain mathematical notati'ns consistent with the appropriate refer-
* ences involved. This will assist the reader in zomparing the approaches

with the original reference material at some slight loss in continuity
within the present report. This policy has also been used in the selection
of many of the program variable names.

The program source language itself has been written in a manner so
that the general flow of the program logic is easy to follow, even by the
reader unfamiliar with FORTRAN. This has been acconplished by a
very liberaJ use of comment statements throughout the progran. This
approach, together with the availability of machine-produced pi ogram
flow charts, and the general widespread knowledge of the basic FORTRAN
language, makes it unnecessary to include detailed equation-by-equation
descriptions of the program content. Instead, it is only necessary to give
a general mathematical description of thp approach used.

Appendix A to this report contains the source language listings of the
program, machine-produced flow charts, .and the definitions of the pro-
gram symbols. Appendix B contains one complete alphabetical listing
of all the programa variables and their definitions. Appendix , contains
a description of the program subscripted variable arrays.
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SECTION II

PROGRAM FORMULATION

PROBLEM FORMULATION

The problem of estimating the aerodynamic character'istics of
arbitrary three-dimensional shapes at hypersonic speeds has sev-
eral salient features. The first problem is to construct an accurate
description of the vehicle geometry, as arbitrary and complex as it
may be, This difficult geometry problem, together with the extremely
wide range of flight conditions, dictates that many different force pre-
diction techniques be available for use. The various approaches used
in calculating the aerodynamic forces on three-dimensional shapes
differ in that different methods are used to attack these two basic
problems - the geometry representation problem, and the force cal-
culation technique problem.

The most ambitious approach presently being attempted uses the
method of characteristics. Some of this work is discussed in Ref-
erences 3 and 4. Undoubtedly, this is the eventual ideal approach

* to the calculation of forces on three-dimensional shapes at high
speeds. However, present mathematical techniques and digital
computer size and speed capabilities prevent application to typical

*preliminary design problems. Present applications of the method
of characteristics must be r.serve d for simple bodies of revolution
at zero angle of attack or important detail design applications where
large computer times of several hours might be acceptable.

Othex detailed gas dynamics approaches have been used ;or very
simple shapes such as blunt-nosed bodies of revolution (see Ref-
erences 5 and 6). While this work has considerable value as an aid
to understanding the chemical and gas dnamics problems associated
with simple blunt shapes, its application to the general three-

dimension A shape is restrictive.LOther special techniques, some theoretical and some empirical in
nature, have been worked out for simple shapes. Notable examples
are the work for hypersonic flow conditions on delta wings byCreager (Reference 7), and McLaughlin (Reference 8).

Another interesting approach to understanding the nature of high-
speed flow is to select special shapes that are amenable to exact
theory. In Reference 9 a class of delta wings is considered that
permit- solution using the exact shock wave theory. This work is
expanded further in Reference !0where upper surfaces are ii.cluded
and complete configurations suggested that are derived from simple
shock waves and expansions.

Reference 11 contains an approach that uses parts of conical shock
waves. This work is also discussed in Reference IZ. A typical
general approach to these and subsequent similar studies may be
described as follows. Several exact methods have been derived for

3



thesoltio o~flow fied about right circular conea at zero angle of
attack. The shock wave systen-3forrned by this cone is also of a
conicali shape and the strearrilines and 'X&Ow properties of the air
pais sine truhti hck stru:ctur, ma?, be rcadily calculated (Ref-
erence 1Ial. The first 4tep in dfriving a corifiguration is to define a
wing leading edg- line that liesi on the surface of the shock wave confe.
If we then. follow the atzeamlines formed bi- the original cone from
this leading edge- lie downstream, we find that we have described a
sum-face along which st~utions are already walable froma the exact
cone flow calculationf;. Such an- zippj ch has beer, ased in designing
and evaluating some high spced airbreathing engine inlet designs.
A3±hough this approach again adds to the 'Itrhosl of knowledge
on high speed aerodynamics, it certainly does not give mruch flexibil-
ity either in tbte design or the anal'ysis pzocess.

A more practical a-,proach tro the ve-1-cle analysis problera was pre-
sented -by Hankey in. Referente 14. in this -ork it was recognized
that each general type of vehicle shape 0i. e. , leading edge, flat
surface, cone)l recjuire-d a diffsrent method for accurate force pre-
diction. In this approach, seitions were obtAined by restricting
the vehicle to a few setl combinations of simple geometrical shapes
and by deriving theoretical and e mpirical force calculation methods
for each shape component. The approach gave good results for the
class of vehicles considered (the Dyna-Soar vehcile shape) but was
limited in its application because of the restricted set of shape&
available. nle major contribution, however, was to illustrate that
the method of force calculation must be tailored to the vehicle
component shape and to the specific flight condition involved.

A similar approach has been. in widespread use in both government
and industry areas. The general procedure is to break the vehicle
into a number of small simple shapes and to estimate the aerodynamic
forces on each component by available methods. The widest and most
frequently used force method is Newtcnian theory. Several reports
have been published that give results of Newtonian calculations for
simple geometric shapes. References 15 and 16 contain design
charts that are useful in evaluating certain geometric components
(hemispheres, cylindrical leading edges, cones, cone frustumxs and
flat plates) by Newtonian theory. The difficulty of this approach is
that only simple shapes may be analyzed and only elementary force
analysis method results such as given. by Newtonian theory are avail-
able. For complex shapes considerable tlime and effort is required
to define the vehicle in terms of required simple component shapes.

Reference 17 uses a semigraphical method for solving the arbitrary
body geometry problem and uses Newtonian theory for the f-orce cal-
culations. The work by Dahiem (of ASD) modifies this -procedure to
allow computation on a digital computer (Reference 18q. The geomet-
ric input data consist of coordinates of points on, the surface, twvo
angles indicating the surface slope and an angle indicating the OzientB-.
tion of the surface point. The inherent difficulty of preparing these
input data for complex configurations from conventional engineeini1g
drawings is obvious.
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A differesit approach to th-, geomnetry problem it pretented b
-Van Tassell (of AVCC) in Referenice 19. Bi this approach the -blpdy
is approxi-mated by, a series of trianglee on the body suirk-ce a.~a
determnined from input coord-nate points. in thia case tht- force
calculation znet hods include Newtonian theary and f ree-n oecular

;--w (com_-plztely diffuse reflection). The use of -Surraecodnt
P~t o fforam triangular elements stiU1 presenti; C& difficult pro~lent

a obtaining Accurate an~d co-!4eirt input data,.;-

A mor-e elabcrate techniqtic of surface desc iptiofi has b6een. worked OW,
at MIT by Czoons (Rteference 20). In this method tha surface is divided
into a numter of lal-ge patches and then each pa.%h is mapped into a two--
dirrensioat suriace and described bi a mathenatical surfazce fit4
tecbniqve The boundzty curves of a patch are described by third order

pol-nornials requiring only the coonffinte!s arid surface slopea at the
four corner points in tt.A transformned coordirvate system. in a practical
application the corner point sarface slopee mast be calculated by ehe
compiater since the pr~blem of mneaouring themn dirte-y fromn engineering
drawings would' restrict thi a:efulness of this inethod. This may be
accornplisahed by using anumber of surface points along '.he bounidaries
to mor-c campletelyi aescz-ibe the shp.After the boundary curves are
defirved i the #-ran?.form~q d systern the co-Nrdin;Ate_ of a voint an the

srfaci ma ba calculatod h-y using special biending reliatiouships that
serve zts weighting functions to properiy account fejr the influence of each
boadry. Refle-ence 211 cantains a bri-ef description. of a similar
teckindque used by tne Boeing Company.

in motof thbe rofferencee cited 3above simple Newtonian theory was
,ised to calculate the aerodyna.mic forces, WhIle this m::thod may
give acceptable results for some shapes, att very high Mach numbers,
other mathods must be -avaiflable before a truly arbitrary body analysis
system is availubde. An equally im-portant problem is the tr~mnscrip-
tiori of the georne-tric description of the vehicle from engineering draw-
ings and the Preparation of this information in a form acceptable to the
digital computer. Regardless of what surI.--e description method is
used, checking of the volumninous and often ccom-plex input data noses
a difficult problem. Since a si-igle vehicle may h~cornposed of
several different classes of general shapes (such as a blunt nose
body, together with a thin wing) the arbitrary body anaiysis system
must have the capability of using different force analysis techniques
and frequently a different grid -work of input surface data on each
component of the vehicle.

For hypersonic speeds the most frequently used force analysib Method
is Newtconlan theory. In this theory the pressure or, each surface point
of the vehicle is only a function of the angle that the surface makes with
the free stream flow. Several other mathods for calculating inviscid
pressure also depend only on the local inclination of the surface. These
include tangent-wedge and tangent-cone, and several other empirical
methods worked out for special uses such as Newtonian plus Prandtl-
Meyer expansion. Another importa.nt rn-thod for use a.t high speeds is
hypersonic shock- expansion.

5



Wh the foregoing discussion as background information we will now
proceed with the approach used to solve the general problem that is .
the subjert of this research project - the development of methods for
C alculating the hypersonict aerodynamic characteristics of completely

,karbitrary thrf e-dimnensional shapes.

in the following pager wve -will irst present a brief introduction .o the
prograrn organizationo This will be followed by a more detailed deriva-

Stion of the analysia methods used in each component of the system. The
computer program system described in the following pages is capable
of cailculting the aerodynamic forces on completely arbitrary three-
dimensional shapes at high supersonic and hypersonic speeds.

All pregram components of this system are written in FORTRAN.

PROGRAM COMPONENTS

This program is written on a completely modular basis to facilitate
checkeut and modification activities. The Mark In program contains
five major program components: the Aerodynamic Program, the
Picture Drawing Program, the Output Data Plotter Program, the
Auxiliary Geometry Generation Program (Slab Delta Program), and
the card-punch routine,.

Yn the early develcpment phase each of these components was actually
a completely separate computer program. The programs could, how-
ever, be run back-to-back with the output from one program saved on

Z tape for use by the vext. In the Mark IIIprograrn-i all of these compo-
nettt3 are combined under the control of a small executive main pro-
grat. However, to simplify the discussions in this report, each of
these components is still referred to as a program even though it is
really just a subroutine in the overall program.

The general activities carried out by the Arbitrary-Body Program
System are involved with one of three basic tasks: (1) the preparation
of geometry data, (2) the calculation of aerodynamic characteristics,
and (3) the preparation of graphic output data. The computations per-
formed in support of each of these system tasks are disrussed in the
following sections of this report.

GEOMETR Y

This program contains several different methods for describing three-
dimensional geometric shapes. These methods provide the flexibility
required to analyze a variety of shapes ranging from very simple sur-
faces to the most complex forms. The program geometry options provided
are (I) the surface element method, (Z) the elliptical surface generation
method, (3) the parametric cubic method, and (4) the slab delta geonetry
generation method. If desired, all of these methods could be used in
describing a single ; ehicle shape.

The principles involved in the application of each of these geometry
methods are discurssed in detail in the User's Manual and need not be
covered here. The principal mathematical techniques, however, are

6



important from the programming standpoint and will be discussed on

the following pages.

The Surface Element Geometry Method

The basic geometry method used by this program is the surface
element or quadrilateral method. This method was developed by
J. L. Hess and A. M. 0, Smith for the Douglas Three-Dimensional
Potential Flow Program (Reference 2Z). For completeness, certain
parts of this report will be included in the following discussions.

The coordinate system used for this analysis is a right-handed
Cartesian system ai shown in the figure below.

DIAGONAL VECTORS T, and T2
T1.~ -X X T-. =Y 3 -Y1 Tiz Z3 -Z1
T2 X4 -X, Tzy=Y 4 -Y3 Tst=Z 4 -Z 2

UNIT NORMAL N = T2 x T,
l'z - TxT Y4-Y 2  N~z=1 -Z

Nx = T2yT11 - TiyT2z n, = N NzNy = TI.T , - T2.Til ny = N:Rt

3Nz = TtxTly -T2y nz = NO

2 lAVERAGE POINT
E: = (X1 + 42 + 3 + X4)

yi I%(Y + Y2 + Y3+ Y4 )
1 =(WX + Z2 + Z3 + Z4

CORNER POINT PROJECTION DISTANCE
dk = nCx - Xk) + n,( - Yk) + n2( - Z,)

CORNER POINT COORDINATES

y X4 = Xk + n~d ,
Y;, = Yk + nvdk
Z1, = Z,, + nzdk

In the conventional use of this program the vehicle is usually positioned
with its nose at the coordinate system origin and with the length of the
body stretching in the negative X direction. The slight inconvenience of
this negative sign on the body stations has been accepted so that the
geometric data will be compatible with the Douglas potential flow pro-
gram (Neumann Program).

The body surface is represented by a set of points in space. These
points are selected on the body surface and are used by the method to
obtain an approximation to this surface that is used in subsequent cal-
culations. If the four related points of each set are connected by
straight lines we may obtain a picture of how the input surface points
are organized to describe a given shape. This has been done in Fig-
are 1. The input scheme has been designed so that each point need
only be input once even thougn it may be a member of as many as
four adjacent sets of points. This is accomplished by the use of an
additional parameter for each point besides the X, Y, a-,d Z values.
This parameter (known as the status flag) indicates whether a point is
a continuation of a column of points (STATUS = 0), the beginning of a

7



Figure 1. Output from Perspective Drawing Program

nmw column of points (i), the first point of a new section of elements
(4), or the last point input for the shape (=3).

As may be seen from the drawings made by the Picture Drawing Pro-
gram, the different areas of a vehicle may require a different organiza-
tion and spacing of surface points for accurate representation. Each
such are., or organization of elements is called a section and each sec-
tion is independent of all other sections. The division of a vehicle into
a given set of sections may also be influenced by another consideration
since the force calculation program may be made to calculate the force
contributions of each section separately, using different calculation
methods.

The input surface points are not sufficient in themselves for the force
calculations. Each set of four related points which form an individual
element must be converted into quantities useful to the program. This
is accomplished by approximating each element area of t!ie vehicle by
a plane quadrilateral surface. Since we are using four surface points
to form an element, no single surface will contain the points themselves.
Also, adjacent plane quadrilateral edges vill not necessarily Le co-
incident. With a sufficiently small size of the surface elements this will
be of no consequence in the end results.

The mathematical technique used in converting an input set of four
pointi into a plane quadrilateral element is described below. The
figure below gives a representation of the input element points with
each point identified consecutively around the element by the sub-
scripts 1, 2, 3, and 4, respectively.

8



2 3

II

The coordinates in the refercn, coordinate system are as follows:

i i i

i i i
2 :2 Y2  z2

3i i zi
3 Y3 3

4i i zi
4 Y4 4

The superscript i identifies the coordinates as input coordinates. We
next form the two diagonal vectors Tj and tf. The components of
these vectors are

T xi xi T i -vi Ti i

ix 3 Tly Y3 - yl T1xlz '3 - 1

T i i = i i i i
x4 x T 2 y 4T 2 z 4  z 2

We may now obtain a new vector N (and its components) by taking
the cross product of the diagonal vectors.

N T2 X T"I

N x  TZy Tiz - Tly TZz

Ni y TlIx T 2z T Tzx TlIz

N T Ty -Ty iZx ly xT2y
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Th a unit normal vector3 n to the plane of the element is taken as
divided by its own length N (direction cosines of ourward unit normal).

N

'= N

N

Y N

z N

where

N N 2 + N + Nz

The plane of the element is now completely determined if a point in
this plane is specified. This point is taken as the point whose co-
ordinates, x, 3, z are the averages of the coordinates of the four
input points.

I + x + x 3 + xi

-= 4 i + Y 2  + Y Z + Y 4

i i i + i ]
z 4" z 1 + z 2 + z 3 +z 4

Now the input points will be projected into the plane of the element
along the normal vector. The resulting points are the corner points
of the quadrilateral element. The signed distance of the k-th inpuit
points (k = 1, 2, 3, 4) from the plane is

dk nx(-x) + ny(-y) + n (I - z1) k= 1, Z, 3, 4

It turns out that, due to the way in which the plane was generated from
the input points, all the dkIs have the same magnitude, those for points

L, and 3 having one sign and those for points 2 and 4 having the opposite
sign. Symbolically,

k-io

d 1-) k- 1  k 1, 2, 3, 4
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The magnitude of the common projection distance is called d, i.e.,

The coordinates of the corner points in the reference coordinpte system
are given by

x i
xk k + nx d

y 4 + n d k= , 2, 3, 4

zk = Zk + n d

Now the element coordinate system must be constructed. This
requires the components of three mutually perpendicular unit
vectors, one of which points along each of the coordinate axes of
the system, and also the coordinates of the ozigin of the coordinate
system. All these quantities must be given in terms of the reference
coordinate system. The unit normal vector is taken as one of the
unit vectors, so two perpendicular unit vectors in the plane of the
element are needed. Denote these unit vectors t1 and t2 . The

vector t I is taken as T1 divided by its own length T , i.e.,

t ~T l x
tlx =

fly T 1 -

lz T 1

where

2 zTT x + T + z

T = Ix y + T1



The vector is defined by rt n X t , so that its components are

t 2x n t1 z - nztly

Zy z lx nx lz

t = nt - t2zx ly y Ix

The vector t is the unit vector parallel to the x or axis of the

element coordinate system, while t2 is parallel to the y or r axis,

and n is parallel to the z or t axis of this coordinate system.

To transform the coordinates of points and the components of vectcrs
between the reference coordinate system and the element coordinate
system, the transformation matri:z is required. The elements of this
matrix are the components of the three basic unit vectors, t1 , t2 , and
n. Tc make the notation uniform define

a 1  t a1  t a t11 lx 12 ly 13 lz

a2 t2  a ~ t a2 3
t1 x a22 = Zy a23 = tz

a3 1  = nx  a32  ny a = r z

The transformation x,. -x is thus the array

all a12 a13

a2 1  a 2 2  a2 3

a3 1 a 3 2  a 3 3

To transform the coordinates of points from one system to the other,
the coordinates of the origin of the element coordinate system in the
reference coordinate system are required. Let these be denoted xo,

YO, zo" Then if a point has coordinates x', y', z' in the reference

coordinate system and coordinates x, y, z in the element coordinate

12



system, the transformation from the reference to the element system

is

x a,,(X'-x o ) + al(y'-yo) + a 3 (z'-zo)

y = a 2 l(X'-x o) + a.Z(y yo) + a 2 B(z -z o )

z = a3 1 (x'-x o ) + a3 2 (y'- yo) + a 3 3 (z'-z 0 )

while the transformation from the element to the reference system is

xf x O0 + a1X + aZlY + a 31z

y = + alx + a 2 2 Y + a3 ?z

z = 0 + a1 3x + a 2 3Y + 33z

The corner points are now transformed into the element coordinate
system based on the average point as origin. These points have co-
ordinates xI, Y', z I in the reference coordinate system. Their co-

ordinates in the element coordinate system with this origin are de-

noted by k , k'1 0. Because they lie in the plane of the element,

they have - zero z or coordinate in the element coordinate system.
Also, because the vector t, which defines the x or axis of the

element coordinate system, is a multiple of the "diagonal" vector

from point 1 to point 3, the coordinate 711 and the coordinate 113

are equal. This is illustrated in the figure below. Using the
above transformation these coordinates are explicitly

13



Average Point 3 113)

(912 T)O

(g4' 14) I

gk =  alll(Xk " 3E) t a, 2lyk - +1 all ")

K 1, 2, 3, 4

ik =  azx - ) + az 2 (x - ?) + az 3 (z -

These corner points are taken as the corners of a plane quadrilateral.

The origin of the element coordinate system is now transferred to the
centroid of the area of the quadrilateral. With the average point as
origin the coordinates of the centroid in the element coordinate sys-
tem are:

T, + (7*1 * * *

0 = 3*- * ["!) + 1 4(124 1

I *
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These are subtracted from the coordinates of the corner points in the
element coordinate system based on the average point as origin to
obtain the coordinates of the corner points in the element coordinate
system based on the centroid as origin. Accordingly, these latter
coordinates are

k k o

K 1. 2, 3, 4

k = k " lo

Since the centroid is to be used as the origin of the element coordinate
system, its coordinates in the reference coordinate syster. are required
for use with the transformation matrix. These coordinates are

0x2 a, +
o o+

Yo = y+a 12 0 t a2 2 To

z = z a1 3  + a 2 3

Since in all subsequent transformations between the reference coordinate
system and the element coordinate system the centroid is used as origin
of the latter, its coordinates are denoted xo, Yo, zo. The coordinates

of the average point are no longer needed. The change in origin of the
element coordinate system, of course, has no effect on the coordinates
of the corner points in the reference coordinate system,

The lengths of the two diagonals of the quadrilateral, t1 and t2 , are com-
puted from

2ti = (t3 - )
2 2

t2  R4 - [2) + (14 -'2 ) '

The larger of these is selected and designated the maximum diagonal t.

The body surface area and enclosed volume are determined by summing
up the contributions of each element. In terms of the coordinates of the
corner points, the area of the quadrilateral is

I
A E 1 2 (z- 14)

The incremental volume is given by the volume of the parallepepiped
formed by the element and its projection onto the x - z plane (the x - y
or y - z planes would have served equally well),

V yo A ny
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Summ~ary

The ibegoing procedure may be brieflyr summarized as follows,,

Each ?jet of four p-i:ntq is :,onverted into a plwicquadrilateral elerment
by the procedure shown in the sketch or. page 7. The nor-mal to the
quadrilateral ic taken as the croee. product of two diagonal vectors
formed between opposite element points. The jrder of the input points
and the manner of defining the diagonal vectors is used to ensure that
the cross prod-:kct gives an ont-vard normal to the body surfar-e. T'he
next step ia to defi--ie the Plane of the element by determining the
averages of the coordinates of thez original four corner Points. Thbese
points are then projected parallel to the normnal vector into the Pliane of
the el-ement to give the corners of the plane quad rilate ral. The corner
points of the quadrilateral are eciuidistant from the four points u-sed to
form the element. Additicnal parameters require for subsequent force
calculationa, quadrilateral area and centroid, may now be calculated.

T1he spacing and orientation of the elerne.nts is varied in such. a way that
they idescribe the vehicle shape accurate~ly. Since four points are uied
to define the plane quadrilateral, the ec,,ea of adjacent elernents are not
coincident, This is not important, sizce the pressure is calc.3ated onl-y
at the quadrilateral centroid. This pressure is then sssum.,d tD be con-
stant over the surface of the element.

T-he plane -quadrilateral surface descriptiort method is not a labo-Amte
as some of the other methods. It is inaportant, howevter, to note thal
the simplicity cof the method permits the use of conventional Cross-
sectional drawingA in data preparation tno surface slopes requred) and
the usie of semiautomatic data-reading techniques. Also, as has been
illustrated in Vrolurne I, computer -generated pictures are used in check-
ing the geometric data for errors.

Parametric Cubic

A second technique for describing three-dimnensional curved &urfaces is
also provided within the p rogram.~ This is a mathemnati cal surfzce- fit
technique and is identified as the P~arametric Cubic Method because of
the general type of equations used.

Several different mathematical surface-fit techniques are deccribed in
the literature. The one used in this programi was adopted fromn be
formulation given by Coons of MIT (Reference 20), In this method a
vehicle shape is also divided into a number of sectiens or patches.
The size and location of each patch depends upon the shape of the
surface,.

The basic feature of this method is that only the suirface conditions at the
patch corner points are required to completely describe the surface en-
closed by the boundary curves of the patch. The basic problem, h.Ow-
ever, is the determination of all the infcrmation required at these corner
points, i.e., the surface equation requires corner point surface deriva-
tives with respect to the param-etric variables rather than the X, Y, Z~
coordinates. This has been solved by the use of additional points along
the boundary curves as will be described later.

16



kn the following discussions we will1 use the geormetrica. rep rs tation
of a surfar-e Patch as llustrated in the figuire below .

BOUNDAR.Y CURVE (FOR M.~D

Xj.5' Awl + EI 4 C11 0

A t0D X40l,1)) ;--~

B z

aw a

BLENDING MIM10S-

SFju) =1I- F&I 4wj 1 - F1(w)

(101A (3.0)SURFACE FOM

u$s51ce the basic surface-fit equaltions and their derivatives are presented
in Re-erence 20, they need be only reviewed briefly in this report.

The X, Y, Z coordinates of a point on the surface are related to the two
parannetric variables u and w. Thus, a surface in space is mapped
into the u, w unit square, The basic problem is to find the position
(X, Y, Z) of a point (u, w) in the intro lftescinsrace h

general procedure is to first find relationships for the fogur boundary
curve&. These are de'ined as third-order polynomialis in terms of the
parametric variables. The points on the boundary curves correspond-
ing to u and w (0, w and u, 0, etc,) are then calculated. A general
surface equation is 1,sed to calculate the properties at the point u, w.
This equatlion us es blending or -weighting inctions to properly introduce
the influence of each of the related boundary -curve points and the four
corner points. The blending functions also ensure the continuity of the
slopes across the boandaries between adjacent sections.

There are severai methods for calculating the direction cosines of the
tangent vectors required in the calctlation of the corner-point deriva-
tives. Most require the specification of additional surface -boundary
points, some of which may lie on the extensions~ of the boundary curves.
T he derivatives mtist be calculated, since it would not be practical to
measure them directly from drawings. The method in this program in-
volves the use of circular arcs throug- ffiree bottndary-cuarve points, the
middle one being a corner point.

The first step in the ccmputaticsnai procedure is t~o determine the equa-
tions for the cubic boundary curves, The equation uxsed is given by the
following relationship for u 0.
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X(O. W) =Aw3 + Bw z + Cw + D

where

ax. ex.
A =Z Xi (OO)- X.(O,1) ---(,o)+ -- 140, 1

ex. BY
3 X (o0)- Xi(o.o) -1(o,o)-1

ax.
C aw (0, o)

D = X 1 o)

Similar equations are needed for the other three boundary curves with u = 1,
w = 0, andW I.
The missing items required for the solution of the above equations are the

derivatives

-- (0 0) ---1 (O, 1), etc

In the Arbitrary-Body Prctgram these are determined by passing a cir-
cular arc through three points, the middle point being the corner point
itself. For completeness, the development of this method is presented
and the sketch below is useful in following the derivation.

41U 13UUN

USN T3
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'_ This sketch is a view of the plane of the circle withU 1 3 as the base coordinate,
The vectors TI TZ, and T 3 are tangents to the curve at the points I, 2., and 3.

The tangents make the angles 6,, 6,, and 6, with respect to UI The chord

lengths make the angles c1 and c z with respect to the vector U1 3 . A

One of the properties of circular arcs is that the chord angle is the average
of the two tangent angles.

61 + 6 2 + +
1+2 62+3 1i+ &

I 2 2 2 3 z

For the coordinate base selected (U 1 3 ), 5 = 0, therefore,

and +2= C1 +cZ

The tangent vector at point 2 is then given by

T = C s 6 U1 3 + sil 62UN
S /

U = a ' L43 is chord vector between points I and 3.
13 FBI13

To determine UN' the binomial UBN must first be found

UBN 13 LI/" 2
U B

U BN f 41 (unit vector)

UN U x U13

The raditus vectors (X, Y, Z) for the three points are

ti = xi+ Y1
, + ZlZ

r2 = X i+ Yzj i Zzk

3 = X 3 + Y 3j + Z3 k
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The chord vectors between the pain areR

Ll r rz (X -- (x ) li + (Yz"- YI) j (zz + z 'k

3 -- (x - X2 .) + (Y3 2  3 )- (z"Zl)k
L 13  r ~3 -I (X 3 -X 4Ii + (y3 Y) j+ (Z 3 z Ik

and the chord angles

L L L

IL 1z I-Ll 31  1 231  ILI 31

For convenience we will use the shortened notation:

L 2  JIZ1, etc.

xt (3- x 1) +(Y3 - Y )(z3 - z )
"13 L1 1 -

="1 + mI " + n I T

$imilarly

U = i+ M 2 j+ n2 k
12 2

i j k

-- U 13 -- T ml1 n I

UBN 12= UI31 1 rU1 n=

2 m2 n2

S(m 1 n2  m2 n) i- 1 (II nZ n + (im z 2 m )

j k

UN = UBN x U
3 =

) m I n 1
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" n (m' n 2 " 2 n ) 1 1  m" ml)f

+ Im (Mi vz M nI + A 0I n nZ ) Ik
+ l~~ i 1 v2 -i 2 n1 + 1~ ~2 z 1 i)j

U N N I+ mNJ+fnNk

And finally we obtain the tangent vector

T = (Cos6 + N sin 6)i+ (mi cos 6 + mN sin )

= (n! cos + nN sin 6)k

where

x3- X Y3 Y1 z 3 - z

I L13 1 L13 1 13

L1 = 1 (X 2 - X 1 ) + (Y 3 " Y1 )  + (Z 3 - Z 1 ) J I

9 1 n, (11 n, -A nl) + M1 (UI m2 - 2 m1)]

MN= in, (ml , n2 n)+ 1 (1 m m

nN = I m (mI n- 'n Z n1) + 11 (11 " - nl)

and

X2-X1 Y-y Y.z2- Z2 2 I m 2 2 1 = 1
2 L12 2 L12 2 L12

12 = I(XzX I ) + (Y-Y + (Z 2 - Z1)-1 /2

The final end point derivatives are then found from

ax.)aS'3w - i a
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where

asr 8" the boundary length since Aw I on the unit square patch

I= NB- 1'

AS [(x +, I xP + I + (ZI + ZP)
I=Z

k2

I = 2 at the starting corner point

I NB - I at the final point on the boundary curve

NB = number of points input on the boundary with one point
extending off each end of the boundary curve.

Once --he boundary curves are found the values required for the general
surface equation can be calculated. This equation is given below.

X.(u, w) = X.(0, w)Fo(u) + X.(l, w)Fi(u) + X (u, 0)Fo(w)
11 01 1

+ Xi(u, 1)FI (w ) - X1( 0 )F(U)FoW)

- Xi(0, 1)F (U)F (w) - Xi(l, )FI(U)Fo(W)

- x.(l,l )F1 (u)F1 (w)

where the terms F and F 1 are blending functions given by

FI(u) = 3u Z 2u3  F 1 (u) = 3w - 2w 3

F (U) =I - F1 (u) F (w) = l- F1 (w)

The program does not use the parametric cubic geometry data directly in
the pressure calculations. Instead, the parametric cubic data are used in
creating surface elements by a systematic variation of the parametric
variables w, and u.

One advantar- of the mathematical surface-fit technique over the plane-
distributed-element method is the smaller number of surface points re-
quired to describe a shape. However', additional points are required on
the boundaries to determine the required corner derivatives. This method
is not as adaptable to semiautomatic data-reading techniques, since the
organization of the required input data is more complex. The accuracy
of this method depends upon the distribution and orientation of the surface
sections, just as the plane-distributed-element method depends upon the
distribution of the elements.
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Auxiliary Geometry Methods

The program has two other geometry generation options. These are (1) the
ellipse surlace generation, and (Z) the slab delta geometry generation. In
each of these methods the program calculates the necessary Y-Z coordinate
data at specified X stations. In the ellipse generation simple ellipse equa-
tions are used; in the slab delta geometry generation, similar equations are
used along with the necessary equations for the bottom and top parts inboard
of the nose and leading edge.

Control Surface Geometry

The geometry data for a control surface flap are input to the program in the
undeflected position. The methods used in transforming these data to the re-
quired deflected position are outlined in the following discussion.

The coordinate system used in these derivations is shown in the drawing
below.

YO;

Z Z

X X

Y

The general procedure involves. a coordinate shift and an appropriate rota-
tion to a hinge-line centered coordinate system such that the new Y-axis
(Yo) lies along the hinge line. For d and 4) equal to zero and with the flap
surface norrnal in the negative z-direction, the hinge-line centered coordi-
nate system has the same directions as the body-axis system. The corner
points, centroid, and normal vector (direction cosines) for each element
of the flap are transformed into this system. Since the flap is a rigid body
this information is independent of flap deflection and the hinge moment
factor (moment per unit normal force) need only be deterrrhined once. How-
ever, the force magnitude is a function of the deflection angle and requires !
having the geometry of the deflected flap in the vehicle -centered coordinates.
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The coordinate system shift is given by

X, X Xl{HL
4

! . Y, Y- YH

Z' Z- HL4

HL4

Where

( )HLA is to point 4 on the hinge line

The new coordinates of the flap in the shifted and transformed coordinate
system are given by

Fx1
I = [E] I ,

Where

[cosJ qj -inL 01
-sinP cosqi 0j

0 1

q) = rotation about the Z' -axis

= 0 cosi sin:]
0 -sin cos j

= rotation about the X'o-axis
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The final rotation to the deflected position (Oe is the control surface

deflection) is given by

X0;6e [X0

Y[6e] Y6 = [6e] [E]
z06e LzJ

where

Cos ]e=0 sos~eb6e 1 0 1 o 0
LSin 6e 0 Cos 6eJ

The coordinates of the deflected flap are then transformed back to
vehicle centered coordinate system, first through the inverse rotationr ; ,o _, ]

z 6e[ze

0 6e-

and then by the coordinate shift

X6e = X' 6 e + XHL4

Ye = Y'6e + YHL4

Ze = Z'6e + ZHL 4

The rotation angles are defined for a right-handed system and are
found from the rclationships

sin- I ( XHLl - XHL 4  andsinI______-_HL

LX Y and - sin LyZ

,here 1/2LXy = [(XHL1 - XHL4 )  +  (YHL4)2 1

and 1Lyz = [LXyZ + (ZHL I  - ZHL 4 ) 1
J

A check is made in the program and if YHLI < YHL 4 then the yaw
rotation angle is set to 7r = T- to position the hinge line in tho
proper quadrant.
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The third rotation angle 6 e is, of course, specified for a given prob-
lem. It should be noted in the present approach, that the coordinate
system is rotated through the angle 6e, positive in the right-handed
sense for the system defined. Relative to the physical problem, posi-
tive 6e corresponds to a flap deflection into the flow.

The hinge moment factor (HMFCT) is simply a function of the element
geometry and location, and is defined as follows. The total moment
of an element is (considering only inviscid forces)

- ( fxF) P (R'O x N'b) AREA

where I is the radius vector to the element centroid,

P is the net surface pressure,

and AREA is the element area.

The hinge line moment is just the Y'O" component of the total moment;

MHL = MY' 0  = J 0  M 0 = P (HMFCT)

where HMFCT = (Z' 0 NX - X 0 NZ0 )AREA

Once the deflected fiap is properly oriented in the vehicle centered co-
ordinates, the force on each element and hinge moment are determined.

Graphics - Picture Drawing Program

The perspective drawing computer program is an important component of
the Arbitrary-Body Hypersonic Force Analysis System. Its use in this
system is in providing graphical perspective drawings of the geometric
description input to the arbitrary body force program. The purpose of
these drawings is to allow the engineer to detect errors in the geometric
input data to the arbitrary body force program.

As explained previously, the body shape is defined by input sets of points
in tiree-dimensional space. A grouping of four surface points is used to
describe a surface element. An organization of a large number of related
elements forms a body section and a number of sections inay be used to
give a complete description of the shape. The equations required to pro-
duce the perspective pictures are derived in the following paragraphs.

*The drawings made by this program are noi true perspective drawings
but are a limiting case where the vanishing points have been moved to
infinity.
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Each point on the surface is described by its coordinates in the body

reference coordinate system.

The body reference coordinate system is assumed to be a conventional
right-handed Cartesian system as illustrated below.

Z

X

To create the perspective drawings illustrated in this report each
surface point on the body must be rotated to the desired viewing
angle and then transformed into a coordinate system in the plane
of the paper. With zero rotation angles the body coordinate system
is coincident with the fixed system in the plane of the paper.

Z
0

S yaw

roll

X Ptc

The rotations of the body and its coordinate system to give a desired
viewing angle are specified by a yaw-pitch-roll sequence I4q), 0, 6).
This rotation is given by the following relationship:
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[.,, -l[ ].

4j = VL1, cJl~ i

Wh. rm t._ retatin matrices 3.re
r r

= -in. cos o

t~~~J J.. Ul A0

z I
Whi~ t-ratak ~I matrices c-irl

i' ;J c cos4 in

L 0

1"i r-oI

C -0 S 9% o si6

0 [G
r r

Since each point on the surface ir. given by its coordinates in the

X, Y1 Z system, its position in the fixed coordinate system (X, Yo,
Z) may be found by reversing the above process,

fill,
zJ

If we carry out this operation we obtain

X cosostis s cos4+sin sin4 cordinaten+sinste cos

Kz 0 )-msinb os rever sin e ao s s co 0
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X =X(cosOCos5j,) + Y-ipcs+nco'i4 + Zsidsncscs~
0

Y =X(coaft in tpl + YZ-"cosbcosc-+sin~sin4lsin I +Z(- cosqisin4&ainesintPcosQ)

Z =X(- sinO) + Y(cosesit4) J + zicoseCo4))

We may now use these last two equations to transform a given point on
the body (X, Y, Z) with a specified set of rotation angles (~,O ) into
the plane of the paper (the Y 0,Z system). With the SG-4020 library

siubroutines it now becornas a simple matter to plot these data and to
connect the related points with straight lines.

Ira tie surface fit technique used in this program and described in
Reference Z2, each input element ie replaced by a plane quadrilateral
surface element whose characteristics. are used Aforr all subsequent
calIculations. These characteristics include the area, centroid, and
the direction cosines of the f-urface unit normal. The surface unit
norm-als mnay be transformed through the rrcquired rotation angles
just as was done for the individual points. The resulting value of
the componen-t of the unit normal i the X 0direction (out of the plane

of the paper) may be found from the following equation.

n
x (coseco5 c4+n y'- siny cos~b+sinecosk~a;in,)in (i~i'+inco.io

where n ,n y, n zare the components of the surface -nit normal in the

vehicle reference systerm.

If nx s positive then the surface element is facing the viewer. If n

is negative,- the element faces away front the plane of the paper. This
result is used in the program to provide the capability of deleting most
of those elements on a vehicle that normally could not be seen by a
,viewer. The resulting picture is thus made more realistic and confusing
elements which are on the back side of the vehicle do not appear. No A
criterion is provided, however, for the deletion of those elements that
face the viewer but are blocked by other body components. This may
be accomplished by a proper selection of viewing angle or by a physical

deletion of the offending section from the input data.

COMPUTATION OF VEHICLE FORCES

Calculation of Local FlowConditions

In the preceding derivations we have converted the input element into
a plane quadrilateral element. The quadrilateral is described by its
area, the coordinates of the centroid of the element, and b the direc-
tioai cosines of the surface unit normal. In the force calculation
mc,--thods we maist also know the angle that the elemen~t makes with the
free-stream relocity vector (the im?act angle). This angle changes as



the vehicle atitude (angle oX attack and yaw angle) changes. The
mpact angle may be found from the following relationship:

CO e =

where

a is the unit normal outward from the surface with
direct on cosines n. , nys nz

V is the local velocity vector with direction cosines in the
vehicle coordinate system given by VX I Vy I Vz

The direction cosines of the unit surface normal are given by the quadri-
lateral calculations. The value of the local velocity vector V depends-
upon the vehicle attituse with respect to the free-stream direction and

its angular rotation rates, and is derived in the discussion below. The
rotation directions are consistent with the conventional stability body-
axis system. The coordinate systemn, however, is changed to be
consistent with the geometric description system discussed previously.

x P

.bere
P = rolling velocity
Q = pitching velocity
R = yawing velocity
C2 =total angular velocity

The movement of a given element of the vehicle with respect to the free-
stream depends upon the vehicle rotation rate and the position of the
element relative to the rotation center. The radius vector from an
arbitrary reference point on the vehicle to a point on the surface is
given by

f (xxC) i (y - y) i + (z - z)
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where xo , yo zo is the moment reference point (center of gravity).

The total angular velocity is given by

= Pj- -Rk

The free-stream velocity vector is given by

V = v xi+ 3y+ Vz It

The free-stream velocity components are given by the following
relationships for a cuiventional yaw-pitch sequence.

V - VCosacosp

VC0 Vinp
Vy = Vsn

VWz = V, cosp sin a

where
= angle of attack

p = sideslip angle

The total velocity vector relative to the surface element is obtained

by combining the above relationships as follows:

V rV- x-

The local velocity vector therefore becomes

V = YY ]i
x J

+ + [p (x-xo) + P (z-z
y

+ I V F - (y-yo) + Q (x-xo )

or V V i+V j+V k
x y z

where
V = V + [Q (Z-z) - R (y-y

x CO0

V y V + [R (x-x ) + P (z-z0)]yy Y
V = V - [P (y-yo) i Q (X-X)]

z C
z

The total local velocity is given by

Vlocal = + + V 2

x y z
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The conventional surface impact angle is then given by

:~ 6 /ZoCo "  nx Vx ny Vy- z z
Vlocal

wher6
n., ny nz are the outward surface unit normal direction

cosines

Vchil Coefficients and Perivatives

In the program force caltulations the pressure on each element is calculated
completely independent of all other elements (except the shock-expansion
method). If the vehicle is rotating the local pressure coefficient must be
corrected back to free stream conditions. This is accomplished by the
toliowing relationship.

= local
P Plocal /

in the arbitrary body force calculation program the pressure coefficient
on each element is calculated completely independent of all other elements.
The contributions of all the elements are then summed to give the total
force components. The basic relationships to accomplish this are given
below:

axial force C A = - C n AA
ref

side force Cy = S 1 ,C n AASre f  P Y

normal force C N  S I p nz AA
ref

where

AA = element area

Note: The minus sign is needed because of the sign convention
on Z in the body coordinate system, directed upward.

The moment coefficients are obtained by a summation of the
component forces multiplied by the distance from the element
centroid to the reference moment center.
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rolling moment C1  (C0 z)+ZC*

pitching moment C >C + z(A

where

b = reference span (lateral and directional
moment coefficient reference length)

c mean aerodynamic chord (for longitudinal

moment reference)

X, y, z = distances from the center of gravity

S.i - X Cg , etc.
- centroid cg

The conversion of the axial force and normal force coefficients to lift and
drag :oefficients requires the following rotation matrices.

[C] = IlCy]

where
[Cosa cosp3 -sinp3 sin& cos]

[EJ- 1 = |cosa sinp COsi, sina sin

-sin& 0 cosa

a = angle of attack (+ nose up)
= sideslip angle (+ nose left)

CD = A Cosa cos - Cy sinp + CN sine cosp

Cy C A coso sinp + C Cosp + C N sine sinp

C G - A sine + C N  cosa
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The vehicle static Ltability derivatives in angle of attack and sideslip
are calculated by the method of small perturbations as indicated
below:

CA& A ;

N& Aa

_ 4

CyC

(Cn + (Cn____

The damping derivatives due to vehicle rotation rate are given in a
similar manner

Cmq Cm) qAq (Cm)qcA)

etc.

The control surface derivatives are also calculated by the method of small
perturbations.

C(CL)6 +,,6 (CL)6
CL 6 =A6

(CM)6+A 6  (Cm) 6

C =
m 6  A6

(C) + A+ ( 0)

GyA 6

Y6  A 6
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C C (c~ C)

N6

Inviscid Force Calculation Methods

Many of the pressure calculation methods used in the analysis of high-speed
shapes are listed in Figure 2 . An attempt has been made in the prepara-
tion of this figure to indicate the interrelationships of the methods (the in-
formation can, of course, be organized in many different ways). Some of
these methods are more applicable to the arbitrary-body problem than
others.

The method of characteristics is the eventual ideal approach for the cal-
culation of forces on three-dimensional shapes at high speeds. It will re-
quire starting solutions for three-dimensional blunt bodies of arbitrary
shape. The development of a method of calculating three-dimensiOnal
boundary layers would permit the use of an iterative process to account
for the viscous-inviscid interaction. Although this approach has been used
for some very simple shapes, the complete solution for arbitrary shape3
is some time away. Significant progress is being made in the solution of
the inviscid flow fic~d by the method of characteristics. However, present
mathematical techniques and digital-computer size and speed capability
prevent application to typical preliminary-dcsign problems. Application
must be reserved for simple shapes or important detail design applica-
tions where very large computer times might be acceptable.

Many of the other methods shown in Figure 2 would be useful force-
calculation methoJs for inclusion in an arbitrary-body system. The selec-
tion of the proper mtnzhod in a given application depends upon the vehicle-
component shape and flight condition and mast be selected by the engineer
on the basis of his knowledge and experience in the use of each method.

LirL
* - -----------F _Y' HOPi JF CHkV 1 1

L Lj CA,____

T7T
F___ iu ls'j I Y 611*

Figure 2. Pressure Calculation Methods
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The arbitrary body force computer progra~n contains a number of optional
methods for calculating the pressure coefficient. In each :.-±cthod the only
geometric parameter required is the element irmpact angle, 6, or the change

in the angle of an element from a previous point.

Before the program calculates the pressure on each surface element, it
checks to see if the element is facing the flow (in an impact region) or
facing away from the flow (in a shadow region). The methods to be
used in calculating the pressure in impact and shadow regions may be
specified independently. A summary of the program pressure options is
presented below.

PRESSURE CALCULATION METHODS - MARK II1 MOD 0 PROGRAM

Impact Flow Shadow Flow

I. Modified Newtonian 1. Newtonian (Cp = 0)
2. Modified Newtonian+ Prandtl -Meyer 2. Modified Newtonian+ Prandtl - Meyer
3. Tangent wedge 3. Prandtl-Meyer from free-stream
4. Tangent-wedge empirical 4. OSU blunt body empirical
5. Tangent-cone empirical 5. Van Dyke Unified
6. OSU blunt body empirical 6. High Mach base pressure
7. Van Dyke Unified 7. Shock-expansion
8. Blunt-body shear force 8. Input pressure coefficient
9. Shock-expansion 9. Free molecular flow
10. Free molecular flow 10. Boundary-layer induced pressures
11. input pressure coefficient
12. Hankey flat-surface empirical
13. Delta wing empirical
14. D,!lem-Buck empirical
15. Blast wave
16. Modified tangent-cone
17. Boundary layer induced pressures

Since most of these methods are adequately discussed in the literature they
will be reviewed only briefly in this document. The blunt-body shear force
and the boundar-i-ayer induced pressure methods are discussed in detail in
the section describing Viscous Force Methods.

Modified Newtonian

This method is probably the most widely used of all the hypersonic
force arnalysis techniques. The major reason for this is its simplicity.
Like all the force calculation methods, however, its validity in any
particular application depends upon the flight condition and the shape
of the vehicle or component being considered. Its most general ap-
plication is for hiunt shapes at high hypersonic speed. The usual
form of the modified Newtonian pressure coefficient is

C = K sin 26
p
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In true Newtonian flow (iM =, Y= 1 the parameter K is taken as 2.
In the various forms of modified Newtonian theory, K is given values
other than 2 depending on the type of modified Newtonian theory used.
K is frequently taken as being equal to the stagnation pressure co-
efficient. In other forms it is determined by the following relation-
ship (Reference 23).

C

K = Pnose

sin 6nose

where

C = the exact value of the pressure
Pnose coefficient at the nose or leading

edge

6 = impact angle at the nose or leading
nose edge

In other work K is determined purely on an empirical basis.

K = fn (M, a, shape)

When modified Newtonian theory is used, the pressure coefficient in
shadow regions (6 is negative) is usually set equal to zero.

Modified Newtonian Plus Prandtl-Meyer

This method, described as the blunt body Newtonian + Prandtl-Meyer
technique, is based on the analysis presented by Kaufman in Reference
24. The flow model used in this method assumes a blunt body with a
detached shock, followed by an expansion a-ound the body to supersuIiic
conditions. This method uses a combination of modified Newtonian and
Prandtl-Meyer expansion theory. Modified Newtonian theory is used
along the body until a point is reached where both the pressure and the
pressure gradients match those that would be calculated by a continuing
Prandtl-Meyer expansion.

The calculation procedure derived for determining the pressure co-
efficient using the blunt body Newtonian + Prandtl-Meyer technique
is outlined below.

1. Calculate free-stream static to stagnation pressure ratio

Y 1
Y-i 2

P [ 2Y [Z M - Y

PO (Y + 1) MCJ [ Y 1

2. Assuni- a starting value of the matching Mach number, M
(for Y 1.4 assume M 1.35) q

q
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3. Calculate matching point to free-stream static pressure ratio

7p

Q q 2 YPO 2 + (N- 1)

4. Calculate new free-stream static to stagnation pressure ratio

P = 

Q

c 4 z_

5. Assume a new matching point Mach number (1. 75) and repeat
the above steps to obtain a second set ol data.

6. With the above two tries use a linear interpolation equation to
estimate a new matching point Mach number. This process is
repeated until the solution converges.

7. Calculate the surface slope at the matching point

sin 2 QP
q I-P

8. Use the Prandtl-Meyer expansion equations to find the Mach
number on the surface element, M 6

9. Calculate the surface pressure ratio

Po L

where

1c is provided as an empirical correction factor

P6  is the pressure on the element of interest

10. Calculate the surface to free-stream pressure ratio

p p
6
p E=

00 0
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l]. Calculate the surface pressure coefficient

S Y MC "O ( P__

The results of typical calculations using the above procedure are
shown in Figure 3. Note that the calculations give a positive pres-
sure coefficient at a zero impact angle. As pointed out in several
references these results correlate well with test data for blunt
shapes. However, if the surface curvature changes gradually to
zero slope some distance from the blunt stagnation point the pres-
sure calculated by this method will be too high. This is caused by
characteristics near the nose intersecting the curved shock system
and being reflected back onto the body. If the zero slope is reached
near the nose (such as in a hemisphere or a cylinder) this effect has
not had time to occur.

Tangent-Wedge

The tangent-wedge and tangent-cone theories are frequently used to
calculate the pressures on two-dimensional bodies and bodies of
revolution, respectively. These methods are really empirical in
nature since they have no firm theoretical basis. They are suggested,
however, by the results of more exact theories that show that the
pressure on a surface in impact flow is primarily a function of the
local impact angle. In this program the tangent-wedge pressures are
calculated using the oblique shock relationships of NACA TR- I135
(Reference 25). The basic equation used is the cubic given by

2 \3 (2 2 .2)(sin 3 + b sinO + c sin 0 + 0

3 2
R b R c R + d -0

where

0 shock r igle
s

wedge angle

2\4 + 2 2
b - 'Y sin

M

2 M2 +1 + I' -
M + 4 + M J

Cos
d M4

M



-T.

0 2040 i go 00 1 14
~0
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The roots of tle above cubic equation may be obtained by using the
tigonometrik 5ojution procedure (see Referenze 26) as indicated
below.

Y = 2 /3cos iw!3) - b/3

Y.. -2 /p/3 cos (43 + 60*) - b/3

Y3 = -2 Vr--p/3 cos (,-/3 - 60 ) -b/3

RI V I- b/3

* = Y- b/3

R3  Y3 -b/3

whe re

Yi roots of the reduced cubic eauation

,2
R - + C

p 3
3bc

q 2(b/3) 3o d

COS = -

P2
R. = sirn = roots of the cubic equation

The smallest of the three roots corresponds to a decrease in entropy
and is disregarded. The largest root is also disregarded since it
never appears in physical actualty.
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For small deflections, the cubic solution becomes very sensitive to
numerical accuracy; that is, to the nlber of significant digits car-
tied. Since this is dependent on the particular machine emplo ;ed,
an alternate procedure is used.

When the flow deflection angle is equal to or less than 2.0 degrees,
the following equation "is used instexd of the above cubic relationships
_ef erence 271.

sin _ +1 

Once the shock angle is obtained the remaining flow properties may

be found from the relationships of Reference 25.
gr

6M sin 8s-

density P2 Z 5
2

7(M 2 sin2 06 -1) (M sin s + 5)
temperature = 2

36 M sin 6

17M sin s-I
pressure 6

coefficient CP =CI, 0.7 lvi

where

( )a = conditions behind the shock

Oblique shock detachment conditions are reached when no solution
may be found to the above cubic relationships. Under these conditions
the program uses the Newtonian + Prandti-Meyer method for continued
calculations.
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Tangent-Wedge, Tangent-Cone, and Delta Whig

Newtonian Empirical Method

The tangent-cone and the tangent-wedge Newtonian empirical methods
used in this program are based on the !mpirical relationships derived
below.

6W

For wedge flow

sin 6
sin (-) cos (E -6W)

where

=Y 1____P ¥ I +

+ ( - l)M ]

For cone flow (thin shock layer assumption)

sin 6
sinO C

(1- -) cos (es - 6c)

In the !irit as M--x, Y - 1 and cos( - 6) = 1

Therefore

wedge cone

+s ir, 0 - sin 6
w s C
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These liniiting expressions for e may now be compared with the
data of TR-1135 (Reference 25) at y = 7/5 using the foilowing A
sinilarity parameters. The exact equations contain three vari-
ables - 8s, 6, and E. Noting that for Y = constant, fn(Mns)
only, the preceding equations may be rewritten in the following
form:

wedge cone

M sin 6 M sin 6
ns ( )cos (8s -6) Mns

S (l-)cos( - 6c

The parameter ( - 6) is approximately constant and independent of
M except near the shock detachment condition. The equations es-
sentially contain only two variables, M and M sin 6. These are
used as coordinates to plot the data for wedge flow shown in Figure
4. A similar plot could be obtained for cone flow. From the figure
it is seen that the data are nearly normalized with the use of these
coordinates.

For rapid calculations we need relationships for Mns as a function of

IM sin 6 that satisfy the following requirements:

1. The effect of shock detachment is neglected

2. At M sin6 = 0, Mns = 1

3. The solution asymptotically approaches the M = co line

d M ns
4. Have the correct slope, d Msin.at M sin6 = 0

These conditions lead to equations of the following form
K.w M'w

wedge Mns K wM+e

K Y+ IK -
w 2

-K M'
cone M - K M' +e C

ns c

where

MI = M sin 6

Kc  2 (Y + 1)/(Y'+ 3)
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These expressions are compared with the data of TR- 1135 in Figures
5 and 6. The cone data are also shown in Figure 7 with the same
scales as in Figure 4.

The pressure coefficient may now be obtained by the followi;ng
relationships for a wedge and cone resptctively.

Cp = -ns 1) / M2

C? 2 sin26 rI- M,,

4(Y+ 1) ifS ]

Experimental results have shown the pressure on the centerline of a delta
wing to be in agreement with two-dimensional theory at small values of
the similarity parameter (M' < 3.0) and with conical ilow theory at higher
values, The previous expressions derived for wedge and cone flows have
been combined to give these features, The resulting relationships are
given below.

K
(Kc- -) M'

IN s = K C  Me + e C

For Y = 7/5

M a 1.09Msin6 + e -0.49Msin6

The similarity parameter relationship for przssure is

The shock angle and pressure coeffici-nt calculated from the above
equations are compared with the experimental results (Reference Z8)
in Figuies b and 9. respectively.
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Figure 6. Conical Flow Shock Angle Empirical Correlation
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Figure 7. Conical Flow Shock Angle Empirical Correlation
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OSU Blunt Body Empirical Method

The OSU (Ohio State University) bint body ein-pirical equation
describes the pressure distribution about cylinders in supersonic
flow, The equation was presented in Reference 29 and was stated
to match "all the data obtained on the cylinders in the present test

series with a ma imum deviation of Z. 5 percent. " The expression used is

-- 0.3Z + 0.455 cosO i-0.195 cos 20 + 0.035 cos 38 0-.00 cos 40

Vhe.Le

peripheral angle on a cylinder

0 at the stagnation point) = 90' -

-- PI = surfacce-pre ss-te

P z=-tipressure rise throigh normal shock

The pressure coe~cent is calcula.ted from the relationship

where

KPM +

K stagnation pressure coefficient C
st stag'

0 = freestream prcasure

S= ratio of specific heats 1. 4

Van Dyke Unified Method

This force calculdatin niathod is based on the unified supersonic-
hypersonic small disturbance theory proposed by Van Dyke in
Reference 30 as applied to bas ic hypersonic similarity results.fr The mathod is useful for thin profile shapes and as the name implies
extends down to the supersonic speed region.

5sncspe in



The sim-.iarity eq-uations that formo tht basis of this method are
derived by manidulating trie oblique shock relatsor, s for hypersonic
flow.%. Thf9 basic deri-vations are shown or. pages T-5- and 75 of
Reference 31, The result obtained for a comnpression surface under
the assurnptiov of a smak. deflection angle and large Mach nu:n.ber
is (h-ypersonic- similarity equation).

IYl Y + -I
p

where H- is the hyperion'c siraiiarity parameter given by M15. The
contribution by Van, Dyk( in Reference 30 suggests Ehat this relation-
ship will also be valid in the realm of super.sonic linear theory if

the hypersonic sirailarif,i~ arameter W~ is replaced by the unified
supersonic -hype rsonic paramneterl'M - Ih-. This latter param-
eter is used in the calculations for this force option in. the arbitrary
body program.

A similar mzthod may also be obtai-ied for a surface in expansion
flow with no leading edge shock such as on the lapper side~ of an air-
foil. The resulting equation is

2Y

C 62 t2 f- IH1 -

where agzain Hi is taken to be\VM - 115. in the uniiied theoz; approach.

Shock- Expansi: on Method

This force calculation method is based on cla~sical shock- enpansion
theory (see Reference 31). hn this method the surface elements are
handled in a "s trip- theory" manner. The characteristics of the first
element of each longi tudi nal strip of elements -may be calculated by
oblique shock theory, by conical flow. theory, or by a Pranrdtl- Meyer
expansion. Downstream of this initial elemrent the forces are cal-

culated by a Prandti-IMeyer expansionl.I By a proper selection of the element orientation the me thod may be
used for both wing-like shapes and for more complex body bhapes.
In this latter case the mathod operates in a hypersonic shock- expansion

theory mode.
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Free Molecular Flow Method

At very high altitudes conventional continuum "ow theories fail and
one must begin to consider the general macroscopic mass, force,
and energy transfer problem at the body surface. This condition
occurs when the air is sufficie-atly rarefied so that the mean free
path of the molecules is much greater than a characteristic bod-
dimension. This condition is known as free molecular flow and ti.e
method of analysis selected for this program is described in
Reference 3 Z. This method was also used in Reference 19. The
equations used were taken from these references and are presented
below.

Pressure coefficient

r7

C b I-. ef (Sn sin e -

Shear force coefficient

(cos 6)f n

C+ = \SS eiSSin6) +\TS sin .• ji +erf(S sin

where

S = speed ratio = I MW

f = normal momentum accommodation coefficient (=0. 0 for
n Newtonian and = 1.0 for completely diffuse reflection)

= impact angle

T = body temperature, 'K

T = free-stream temperature, °K

erf = error function erf (x) e x  dx

= ttangential momentum accommodation coeffic.en-t (= 0. for Newtonian flow and 1. 0 for completely

d'.-.use reflection)
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D~r r.-sslire force acts perpendicular to the surface and this irection is
readily o1btained sin-ce the element no'emal has already been determined in
the geometry subrou.tines. Tbe shear force acts in the direction of the
tange-ntial velocity component on the surface and this direction is deter-
mined by takinmt successive vect,,r products as follows.

The procedure is illustrated in the
accornpani-ng skz-etch where the in-
cic!-:A v.e~oci-tvN vector -is d-fined. as

jF= Vxi+ V, vxL

and 4.-.- surface normal as

R! ~x Ii N YIN zk

First, a surface tangent vector (T) is defined by the cross product of th .
normal and velocity vectors:

where

T x N YV - N zV
T Y N z *%,xzy

T N V N V.yz x Y X YZ

T hen the direction of the shear force ()is given by the cross product of
the surface tangent and normal vectors;

-x T+ Sy T+ SZT

where

SIY N z ~T N7Y

S Y T zN - T xN

S7 T xN - T YN
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The fi -r oments of the shear force in the vehicle axis system are

given by

sitEAPX (SHAR S 1STO'AL

SHEAR~ (SHEIAR) (si) STOTAL

SHEAR. (SHEAR) (-Z)' STOTAL

-where

$HE AR is the shear force as calculated by the free rnolecula-r flow
equations-,

STOTAIS (s S7 Zs., 2 )' '

In uigt friee molecultik flow mcithod the above an- ysis mzust be
carried out over h niesraeo the shape including the base,,
ithadow -regiona etc, When the free-molecular flowv method is
SeU.ectzd, -it is used for both Impact afid sfh-adow region.

-hi§ ' z hod -of dieteirmiining the shear~ direction is also used Iozr the
-- continuum viscous forcea dilscuszed. in the next sectio. The pl-ane

formied by t6e velocity vector and the surface normal is -ireferred, to
asthe -velocity plane (shaded region in the sketch),, since bolth the

-ncldeit and surface velociq, aid~ in this plane. Thideiions
correct -for two-dimensional flow, howvever, it is only an approxi-
mation- to'--the shear direction in the general arbitrary-body case.-

Hankey 2Flat-Surface E'mprical Method

This m ethod uses an empirical cor relo Wo oe ufcepesrso
blunted flat plates. The method, derived in Reference 14, approximates

' tangent-wedbe at low impact angles and approaches Newtonian at high impact
angles. The piessure coefficient is griven by

C 1. 95 sin?- 6 0.21cos 8sin b
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Dahlem-Buck Empirical Method

This is an impact method that has 'been de-rived such that tangent-cone and
Newtonian result.s arc approximated, respeetively at low and high values
of the iimpact angle. The Qmpirical relationships presented in Reference 33
are

I + (sin 4h)3 /  (si -51-4-- . "

for 6 Z2. 50 isp= 6)sn6)1  ,~
- 7

(4 cos 6 cos 28)

for zz. 50 C = 2.0 sin'- -

Blast Wave Pressuve increments

This method uses conventional blast-wave parameters to catculate the over-
prcs. ure due to-bluntness effects. Force contributions determined by this
proc durc must bv added t. the regular lrtviscid pressure forces (tangent-
wedge, tngent-co.ie, Newtonianj etc.) calculated- over the same vehicle
geometr-y. The spe rific blast wave solutions used in the Program were de-
rived by Lukasie-xicz in Reference 34.

A 1 + B
AM{ -Xo-X)TdI

where

CD is the nose drag coefficient

d is -the nose diameter or tlhickness

X o  is a coordinate reference point

and the coefficients A, B are

Flow j A B

Two-Dimensional 0 0.121 0.56

Axisymmetric 1 0.067 0.44
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'Modified Tangent;-Coie Method-

-thir method. originally developed for _uze on cones with elliptical cross-
s'ections., modifies the tangent-cone resuWby an increment representing

the4eviation from an average pressure dividedby an average Mach nufnber.
More Specific'ally, the following eqiuations are used (after Jacob,, Reference
S35):

" - : -"tPc - CPavg

Mavg

-where C is- the surface pressure coefficient

_Cp iS the tonventional tangent-cone -pressure coefficient

C , Is the average pressure coefficient

r, -p AZAA -ir el&eent -area

M ,g -is the average Mach fiumber, defined for an equivalent
cone oaving press ure coefficie.t Cavg

4igh ?vtchl B e Zressiires

For a-.body in high speed, Alow it might be expected .that any base regions
-would experietcetOta4 vacuum, That is,

, -i "T-
P z

However, te viscosity of real gases causes some pressure to be felt in
base region and e-,perimental data have shown this to be roughly 70o
Vacuumi--fo" air, The-reforet the expression

has been included in the program.
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Vis cOq!i Force Calculation Methods

The most difficult part in the analysis of an arbitrary shape is the cal 4-
tion of viscous Iforces. A detailed knowledge of the local properties aned4e
flow history along surface streamlines is required. This combined wih the
natural comple-ity of the boundary-layer -equatiohis necessitates considerable
simplificaiin of the problem before solutions can be obtained. An engineer-
ing approach las been selected that retains the essential characteristics of
the hypersonic boundary-layer problem. No attempt is made to calculate
the detailed skin friction distribution on the exact arbitrary shape, but rather,
the vehicle is represented by a number of flat surfaces on each of which the
shear force is deter.iined.

The surface streamlines are assumed in the velocity plane and the flow
history is approximated by the inclusion of an initial surface. The shear
lorte is deteimined -fu both laminar ."nd turbulent flow and may be summed
over the vehicle for either type

Ree ence temperature and -eference enthalpy methods are available for
both laminar and turbulent -flows aind, in addition, the Spalding-Chi method
with either 'temperature or enthalpy ratios may be selected for turbulent
calculations. The surface temperature may be either input or the radiation
equilibrium value determined. The effect of planform shape, leading edge
viscous-interaction, and the viscous forces on blunt bodies are also con-
sidered.

Skin Friction Geometry Model
For the skin friction calculations a geometrically complex vehicle is divided
up into a number of plane surfaces in a manner which adecluately approxi-
mates the true shape. Leading-edge surfaces and local curvatures are
omitted. Regions of relatively large curvatures can be represented by using
a greater number of plane surfaces. The degree to which this is done will
depend upoli the complexity of the actual shape and experience of the de-
signer. The geometry data for the skin-friction geometry model is prepared
in the same way as the surface element data used for the inviscid pressure
calculations and retain their relative location to each other and to the flight
path. This skin friction modeling technique is best described by viewing,
for example, a typical high L/D vehicle shown in Figure 10. The upper half
presents the skin-friction representation of the vehicle which is to be con-
trasted with the detailed inviscid geometry given in the lower half of the
figure. As used in the in the Hypersonic Arbitrary-Body Program the skin
friction surfaces are referred to as an approximate representation of the
vehicle geometry while, in fact, it has been observed they are as complete
as generally used .throughout the industry for the inviscid calculations.

From the input element data, the surface normal, area, and area centroid
coordinates are calculated. In addition, maximum chord length, taper ratio,
and true area are input for each surface. The latter may be different from
the calculated aiea since curvatures have been neglected. The initial surface,
specified by its maximum chord length and taper ratio, is assumed to be in
the plane of the skin-friction surface and, therefore, the flow history is only
approximated. The element planform effect on the average skin friction is
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a). R7epresentatin -- r Visdu Ciuato-

1b) Representation for Inviscid. Calculations

Figure 10. -Geometry Modeling for a Typical High L/D Vehicle
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included, however, and is discussed separately for laminar and twi,2 .

flows in-later sections. The shear force on each surface is asstMn,0 t-,,
through its centroid in a direcLion on the surface parallel to plane ccnt iz

the surface normal and the free-strean velocity vector, as described in t,"
section on free-molecula-r flow.

Local Flow Conditions

The required local properties (pressure, temperature, density, and velocity)
are obtained assuming a calorically perfect gas. The pressure on each skin-
friction surface may be determined from a choice of several of the inviscid
pressure methods - tangent-wedge, tangent-cone, Newtonian+ Prandtl-Meyer,
and Prandtl-Meyer expansion. At the present time, a continuous strip
shock-expansion calculation is not available within the Arbitrary-Body Pro-
gra -t and, in this respect, each surfa-e is treated independently of the
otbers.

The skin-friction surfaces and local properties, thus, have been defined
in a way that reduces the problem of calculating the viscous forces on a
-complex shape to one of solving for the skin friction on a number of constant-
property flat plates.

Incompressible Flow

The basic philosophy behind both the Spalding-Chi and the reference condition
methods is the same. Namely, that the suitably transformed skin-friction
coeficient is given by the constant-property or incompressible formulas
bas,3 on a Reynolds number also suitably transformed. To emphasis the
point, this may be stated another way: Th compressible skin-friction is
given by the incompressible form with appropriate correction factors to
account for compressibility effects. That, is,

Cf C fi/Fc

Cfi = f(Rxi), Rx i = FRx o Rx

whe re

Cf = skin friction coefficient

Rx = Reynolds number

= indicates incompressible

( )6 = indicates compressible

The incompressible formulas used in the Hypersonic Arbitrary-Body
Program are given in Table I and the compressibility factors, Fc and
FRx are discussed below.
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Skin Friction Coefficient, f(Rxi)
Flow Source

Local Average

Laminar 0. 664/flRj 1. 328/ frj Blasius

Turbulent 0. 088 (log Rxi - 2.3686) 0.088 Sivells(Rxi> Rin) (lo R-, 2& Pmayne
(Rx> RMin) [log lxi - 1.5] 3  [log Rxi - 1.5]2 (Ref. 36)

-------------- -------------------------------------

RMin 2540 6570

Table I. Incompressible Skin-Friction Coefficient Formulas

The Sivells and Payne formulas have singularities occurring at low Reynolds
numbers. However, both occur below the point at which the turbulent values
cross the respective Blasius laminar curves. Thus, the turbulent incom-
pressible skin-friction coefficients for Reynolds numbers equal to or less
than RMin are given by the corresponding laminar values.

Compressible Flow

Reference Temperature and Reference Enthalpy Method

Fc = P a P

FRx= (P 6 /.';)1

where P is the density, j the viscosity, and the superscript means
evaluated at the reference temperature, T, or reference enthalpy, H';

TW  TAW
T;:__ ": (Al) + (A2) T + (I- Al- AZ)

- H WHAW

H. =(A) H + (A2) + (I-Al-A2)

The value of the coefficients used are due to Monaghan (Reference 37) for
Prandtl number equal to 0. 71;

Al = 0. 5825

A2 = 0. 1875
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The subscript "W" indicates the wall value and subscript "AW" refers to
adiabatic wall conditions given by

T H
T6  H - i+ ) M6

2

where
I = ratio of specific heats (= 1. 4)

M = Mach number
1/n

r = recovery factor = (Pr)

n = 2 for laminar flow

n = 3 for turbulent flow

Pr = Prandtl number ( 0. 71)

Spalding-Chi Method (Reference 38):

FC A/{ARsIN(V) + ARSIN (AC)

where HAW
A - - 1

H6

HWB - - 1

C [ (A+ B)- + 4A1
LI

AW) W p+ q, q= 0.772, p= 0.702
FRx= ( H6 [ HSj~

Surface Equilibrium Temperature

In the Arbitrary-Body Program the surface equilibrium temperature is de-
fined as the temperature satisfying the si -!ady-state heat balance between
the boundary-layer convection to the surface and the surface radiation to

space. convective heating: QC(Tc) = Ch MAW - H W )

radiation heating: QR(Tr) = RK TR 4

where Ch is the heat transfer coefficient

and RK = e, e r emissivit, (= 0.8)

a -z Stefan-Boitzman constant
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The surface equilibrium temperature is defined when QC(Tc) = QR(TR)
for T c = TR. The solution is obtained by a simple linear intercept tech- I
nique illustrated in the sketch and explained briefly as follows.

Linear relations are assumed for both heating rates

QC = AC + (BC)T

QR = AR + (BR)T

The four coefficients are initialized as follows.

1. Assume TC1 = TRI = 100 OR

Z. Calculate QC1 and QRI

3. Let QRZ = QCl and calculate

TZ (QRz)1/4
TRZ = 114

4. If TR2 > TC2 = TAW, then set
TRZ = TC2 and calculate new QRZ

OR
QC 1 = QR 2

HEATING
RATE j

t4 L TR 2 TC 2TAw
TC 1 TR1 (TC 2 =TR 2)2

(TC 1 = TR 1)2

TEMPERATURE
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The coefficients may now be readily determined and the result of the linear

solution of the heat balance equation is simply

T = (AC - AR)/(BR - BC)

The convective and radiation heating rates are then calculated at this tem-
perature and checked for convergence:

I - QCl/QRI 1 EPST, where EPST = 5.0E-4

If the criteria is not satisfied the cycle is repeated with TCl = TRI = T,
QR2 = QCI, and TC2 = TRZ. The present technique, while lacking sophis-
tication, :s accurate and quite rapid. Normally, two or three cycles are
required for ideal gas solutions and one additional cycle for real gas cases.

Real Gas Effects

It is felt that some comments are in order with regard to the overall pro-
cedure. Specifically, what is the correctness or justification in using real
gas reference enthalpy viscous solutions when the local inviscid floix has
been determined only for a calorically perfect or ideal gas? To answer
this question, an extensive comparison of laminar boundary-layer methods
was undertaken in support of an earlier study and the details are reported
in Reference 39. Briefly, the skin friction was determined for the flight
conditions of the matrix given in Table II, corresponding to the surface
equilibrium temperatures (emissivity = 0.8) at the one-foot station of a flat
plate.

Altitude Velocity (1000 fps)
(1000 FO 8 12 16 20 24 28

100 x x x x -

150 - x x x x -

200 - x x x x
X X

2ox 
x x Ix

Table i. Flight Matrix for Skin Friction Calculations
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An4gd- of-attack variation Iroxu 06 t,-o 400 in 10o increients and five bound-
aky-layer calculatiobs were mnade aLt each condiion. The latter coxrespand
:to the Combinaticml oftrebud -layer solutioxs and two shoc , wave-
iblddtons- igr lo-Al ,properties-as sh&..vii in Tabks ilt

-ILocal PoeteBoxinda_-j Layer Poete
Silutioa. Rel Ideal

Exkact1-

-exfere ncej3

Reference 11

Table- HL Botgndary Layer -Calculatoni3

Also, additional calculations were ma.de -at the light condition of 20, 000 fps,
200,0.00- feet altitude, tnd. wafl- tenipet_ ature equal to Z2000 0 R.

Methods 1 ,2 , and 5 axe self- consistenit with respect to the assurnp-
tions, maide and are regarded as noaenal calculation modes. Methods 3
and 4 are inconsistent in the as sumaptions madb between the inviscid and

vis~ussojtjflsandar temedmied cailculation modes. The free-stream
properties were specified by the 1962 U, S. Standard Atmosphere and
Sutherlindts viscosity formula. The obliquie shock-wave solutions are
accurate to 5--significant digits in the inverse density ratio. For the real
gas solution, the thermodynamic properties for equilibrium dissociating
an& ionizing air were obtained by the method in Reference 40. The assumed
ideal gas is calorically perfect with ratio of specific heats equal to 1. 40.

The real gas variation for the density- viscosity product in the viscous
solutions was obtzined as a function of enthalpy and pres sure using the
polynominal equation s given in Reference 4 1. This product is based on
the most recent thermodynamic data of Hilsennath (Reference 42) and
the -viscosity calculations of H*ansen (Reference 43). The Prandtl number
was a'ssumed oqual to 0.71 for all the methods.
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LSYM8O50L SOIMON--

REAL GAS, EXACT
REAL GAS. REF. ENTHALP '

M.EAL -GAS, REF. TEMPERATURE'

A IDEAL GAS, RY:F. ENTHALPY-
REAL -QAS, REF. TEMPERATURE'

*MONAGHAN'S 1 FERENCE
AT Pr = 07t

!I

.042 -----

.016 /

Cf~ !_ _ I __

.012 A/_

.004

/'

0 10 2 f 30 ,40 50

ANGLE OF ATTACK - DEC

Figure 11. Laminar Skin-Friction Coefficient Comparison

(Altitude = ZO0,000 Ft., Velocity= 20,000 fps., Tw =2 000 0 R)
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Typical restilts 9f the comparison are shown in Figure 1. The exactN
sol-timis were obtained using the Douglas General Lam-rizvkr Compressible
Boundary4.ayesr Program as 4escr.Ibed in Reference 41. The reference
method calcuationa shown are based on the coefficient values of Monaghan.
Thesc wdre selected sinc.e the skin friction calculated consistently gave
the best agreement with the exac-S results. Comparison of the three forrmu-
lations conaidiered - Monaghan (Refurence 37), Michel 'Reference 44) and

~ck~'t(Reerece 5) re how inTable 1V fo r the same flight conditions
-s JWiguro_ 11. Miajor conclusions af the comparison are:

1. -With the exception of possibly a-ero angle-of-attack the reference
toperature method, using existing values for the coeficients Al
and A2, is i-nadequate- for predicting skin. friction for the comnplete
range of hypersonic flight conditions considered.

2. The real aas, reieren~e enthalpy method using Monaghan's formu-
lation adequately predicts the lamninar skin friction over the complete

flight range conzeidred. The results, however, are consis.-tently
about 3 to 5 percent lower ahan the exact calculations.

3, The mixed calculation mode, ideal gas inviscid - real gas reference
enthalpy is in substantial agreement with the real gas refterence en-
thalpy calculation up to 300 angle -of- attack.

Reference - Angle of Attack in Degrees

Dueto 0 115 10 25130_135 45 51
Monaghan 0,270631061.445 1.753 1,969 2.0-o 2.121 1.853 1.590'

Michel 0.24; 10,628 1.062 1,447 1.747 1.1-53 12.06712.075 1.788 1.5291

Eck__e___ 0,243-10.613 1,03811.41811L717 1 -)61 2 042205 1.~j7 88 J1.5 34

f'able IV Compnarison of Reference Methods. Values of Cf x 1A
(Altitude =200, 000 Ft., Velocity 20.ZO000 fps, TW = 20000R)

On the basis of t[he results of this study, the mixed-mode ideal gas inviscid-
real gas reference enthalpy calculation has been included in the Hypersonic
Arbitrary-Body Program. The real gas fluid properties of air are determined
by the procedure5 6--scribed in detail in Reference 41. Three different formulas
are used to specify the viscosity. At very low temperatures such as might be
experienced in a high speed wind tunnel the viscosity is found from the
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Brormley-Wilke results (Rlfuence 46), in the Arbitrary-Body Program these
are approximated by the fi towing linear relationship;

For T 5 Z25 0 R

= 0. 80383436 T x 10- 9 Ib sec
ft z

At higher temperatures and for an ideal gas the Sutherland viscosity
formula is used (Reference 25);

For T > Z25 0 R
T 3 / Z  -8!b sec

2,270 T + 198.6 1 10-8 l 2

For real gas and temperatures greater than about 6000°R Hansen's
viscosity values are used (Reference 43).

Viscous - Inviscid Lnteraction

Under conditions of low Reynolds number and high Mach number, the
-nutual interaction of the boundary layer and the inviscid flow field can
have a large effect on both the laminar skin friction and surface pressure.
Boundary-layer displacement effects in hypersonic flow over flat plates
have been studied at length (e. g., Reference 47) and the present approach
i limited to consideration of these methods. Basically, a pressure is
induced from the relatively large outward streamline deflection caused by
the thick hypersonic boundary layer. The classical approach is to con-
sider an effective body, made up of the actual body plus the boundary-layer
displacement thickness, in an iterative solution with the inviscid flow.
This in itself is an approximation and, in addition, the simplifying assump-
tions of hypersonic viscous similarity are usually employed. This pro-
cedure has been adopted for use in the Arbitrary-Body Program and a brief
background and development of the final equations follow.

Mrtram and Blackstock (Reference 48) presented some simple procedures
for estimating the boundary layer induced effects on pressure and skin
friction. These involved the use of hypers onic-similarity-boandary-layer
theory solutions in an iterative technique with the hypersonic small-disturb-
ance tangent-wedge pressure equation. The analysis showed good correlation
with experimental data for surfaces at nearly zero degrees incidence to
the free-stream. White (Reference 49) extended the theory of Bertram and
Blackstock to include the effect of angle of attack and presented a direct
method for solving the problem without requiring iterations. White used
hypersonic small disturbance e.xF-essions for both compression and ex-
pansion flows and introduced a n..w interaction parameter to correlate the
wall temperature effect. Recently, Bertram (Reference 50) has presented
more elaborate solutions for the problem employing the techniques of White.
I.nplicit to all these solutions is the assumption of a calorically perfect gas
and a Prandtl number of unity.
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White's solution has been used in the present analysis because of the rela-
tive simplicity in its application. His numerical results showed the local
pressure to be nearly a linear function of the iteraction parameter, x;

P Po (l + B)

where
B .. Po

and G 1/ 3

>~ ~/y~TRx

The quantity G is a simple function of wall temperature and specific heat,
C is the Chapman- Rubesin viscosity coefficient, and j is the Manger
transformation parameter: two-dimensional flow, j = 0; axially-symmetric
flow, j=l.

In the above equations, P is the local pressure to iree-stream pressure
ratio, and the subscript "o" refers to the inviscid value obtained from the

hypersonic small-disturbance relations.

Bertram's (Reference 48) correlation for local skin friction coefficient is

Cf 0.664 K1

where K1 is a pressure gradient and wall temperature correction factor.
The shear on the surface is

T w =fqGfdA

In the present analysis, the approach taken is to determine the effect or
factor due to viscous-interaction using White's method and then to modify
the previous result without interaction accordingly. This viscous-inter-
action factor, KVIt is obtained by carrying out the integration of the pre-
ceding equation and is defined as follows;

KVwI '7WV , r + Bcr +1i
KVi TW + Bcr loge
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where B c r is based on the root-chord and K! has been assumed equal to
one. This expression is for a plate with taper ratio one, but the integration
could have been done for an arbitrary value (e. g., Reference 51). In the
present application the planform effects are included in the shear force
without interaction, TW. This application results in a slightly lower factor
but has the advantage of permitting a step-by-step build up and comparison
of the overall viscous forces. The magnitude of the skin-friction correction
factor using the above techniques is shown in Figure 1Z.

The induced pressure on a surface is determined as an increment in pres-
sure coefficient.

Pp
A C -CPO 0

The average pressure increment, P - P0 , is found by summing the local
pressure distribution over the surface.

-P0  + f(P-Po) dA

Substituting the expression for local pressure and integrating gives

Po = 2m c r

The AC due to induced pressure is determined for the skin-friction geo-
metry representation of the vehicle shape and effects due to the planform
shape and due to the initial surface are discussed in the next section.

The basic hypersonic small-disturbance relations for calculating pressure

are:

For compression flow (K - 0) 1/2

P = I +Y('2- 1KZ+ IK 1+ K
\ 4 ) I

For expansion flow Z/ (- - 1) S K S 0)
P =.[I + *---I X~ ' ('

The similarity parameter, K, is given by;

X K4 rdp
K - K 4 - 1+ X
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where Ko = Msinb (b is the surface impact angle) and K4, a boundary-
layer growth parameter, is taken equal to 1. 0.

White (Reference 49) observed that the pressure equation (either compres-
sion or expansion) and the expression for K constituted a first-order
nonlinear differential equation in P(,X) and obtained numerical solutions
directly without iteration. The results are shown in Table V from which
White also observed that the pressure could be approximated by the linear
relationship

P= P +mX

where Po and the slope parameter, m, are just functions of Ko . Po is
given by the hypersonic similarity relations as a function of KO and, in
the Arbitrary-Body Program, m is approximated to the data of Table V
by the following analytical curves:

For -2/(y - 1) 5 K < -3.0,

m = 1.424 + 0.219 Ko

For K 2 -3.0,

m. 1.9156 + 0.41727K o - 0.0419101K o
2

- 0M010427Ko 3 + 0.00214381Ko 4 - 0.000103217Ko 5

Similarity Parameter K o

-3 -2 -1 0 +1 +2 +5 10

0.0 0.002 0.028 0.210 1.000 3.473 8.734 44.14 170.2
0.5 0.173 0.339 0.748 1.835 4.555 9.930 45.41 171.4
1.0 0.428 0.736 1.379 2.777 5.722 11.18 46.70 172.7
1.5 0.738 1.192 2.059 3.740 6.914 12.47 48.01 174.0
2.0 1.092 1.695 2.770 4.709 8.108 13.76 49.33 175.3
2.5 1.485 2.234 3.506 5.679 9.294 15.07 50.66 176.6
3.0 1.908 2,801 4.260 6.651 10.47 16.37 51.99 177.9
3.5 2.359 3.392 5.029 7.622 11.64 17.67 53.34 179.3
4.0 2.833 4.004 5.810 8.593 12.80 18.96 54.70 180.6
4.5 3.328 4.632 6.601 9.505 13.95 20.25 56.06 181.9
5.0 1 3.840 5.275 7.400 10.54 15.09 21.52 57.42 183.2

Table V. Numerical Solutions for Pressure Ratio P (-t = 1 - 4)
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Planform Effects

The previous sections have dealt with the determination of the local skin-
friction coefficient or the average skin-friction coefficient per unit span.
In this section, the determination of the viscous force contribution of a
surface elencnt having , planform shape of the type shown in the sketch
below is considered. In the derivations that follow it is implicitly assumed
that the root and tip chords are parallel to the oncoming flow.

CtC

b

FLOW Cr

The product of local skin-triction coefficient (Cf ) and dynamic pressure
(q6 ) is integrated over the surface area (A) to otain the shear force:

TW = fq 6 Cf 6 dA

(The symbol T is customarily used to define shear stress, however in
the present text it is used consistently as a force. This is done to avoid
the unnecessary use of area ratios in the defining equations and at the same
time retain the significant connotation associated with the symbol.)

The shear force cn , ach surface is then written as a coefficient with re-
spect to the free-stream dynamic pressure (q ) and a speciLied reference
area (S), 1-W

-0- q S

and summed over all surfaces to obtain the vehicle characteristics due to
viscous forces.
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Laminar Shear Force

The local properties cre constant on each surface and the above e-pres ion
becomes I

Tw = qb (Cf 6 Cr c f I f k)2 d

where the surface has root chord cr, span b, and (Cf 6 )cr is evaluated at
the root chord. The local chord length may be expressed as

c= Cr (1 -(Q1- TR) n]

where TR is the taper ratio (= ct/Cr) and n is the normalized span
dimension (= v/b). Substituting th-s expression and cornpleting the inte-
gration gives the shear force on Lhe surface as

TW = qS A(GF 6 )cCFcr 3(1 + TR)(I + VTR)l

where (CF )cr is the local, length-averaged skin-friction coefficient

evaluated at the root-chord.

In the Arbitrary-Body Program the shear force is expressed in terms of
an average chord length, c ;

W = q6 A (CF )-

where

c4 { [1I± TR + VTR1= Cr (I + TR)(1 + TR)

Viscous -Interaction

As was explained in the previous settion, the effect of planform on the
shear force is not determined directly for flows -,. th viscous-interaction
but is included in the calculation of shear force without interaction. This
procedure results in a slightly lower force but has the advantage of per-
mitting a step-by-step build-up and comparison of the overall viscous
forces. There is, however, an additional effect on the induced pressure
due to planform shape which is accounted for.

The average pressure is obtained by integrating the local pressure over
the su-face:
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b c

_7A LAJ A f If~~d

1 1

f (Po ta\ ert )d all

0

where x "/cr, the normalized streamwise coordinate.

Substituting the expressions for

crb
A=- (1+ TR)

and
C/cr 1 - (1 - TR)n

the integration is easily completed. The result is

A= Pol+ Bcf + TR)(1+ rjR)

where
B m X

BCr =P ) c r

The average pressure increment for the surface is then

PA " PO = _j mXc r  I ITR+

which for TR = I reduces to the value previously given.

Turbulent Shear Force

Because of the nature of the assumed skin-friction formulas, a different

approach than used for laminar flow is taken to obtain the turbulent shear

force. The end result, however, is an approximate solution which is very

similar to the laminar result. The shea" force equation is derived as

follows.
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b c

TW JfL5 Jf JIA q6 f i I x d
0 0

1

q 6 b f c CF6 d

0

The variable of integration is transformed to the local chord-lengfh Reynolds
number in two steps. First in terms of the chord length c,

= q6 b Cr CCF6  dc

f Cr (1"- TR)
Ct

Next, the variable of integration is transformed to the incompressible

Reynolds number, Rci = (PUC), and normalized with respect to root-
chord values; A a 1

T q ab c r (C FS )cr /Rc ~ I CF \d (, c\

1

\( TR)\fjzj) \ Cr)TR

Noting that the surface area is A = --b (1 + TR), and also that/ =;

(CF) ' th e s h e a r e q u a t i on b e c om e sc r i

Tw = q A (CF r (l dr~ 3, _c)i \ -

With a simple power-law skin-friction formula this equation is easily

evaluated; 1

ICF\ Rc\1  = K_ , where N is positive

and 1 1-

"w = q6 A(CFS)C( fTRz) (Rcr) d( Rcr)6 T - _T-Z ) R -c r '

= q6 A(CF 6 )cr 1 - T R
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For laminar flow 1 = 2 and it is easily verified that this expression is
identical to the one previously presented.

In general, the skin-friction coefficient is not given by a simple power-law
relationship and this is the reason for deriving the turbulent shear with the
Reynolds number as the independent variable.

The use of the Sivells and Payne formula in the shear equation introduces
a singlularity in the integrand and the function is nonintegrable. However,
this singularity occurs at a Reynolds number much below the laminar cutoff
and the shear equation may be integrated numerically. Several examples
for the numerically determined integrand are shown in Figure 13. The
upper-bound*represented by laminar flow and a lower-bound represented by
constant skin-friction are also shown. The curves are smooth and the area
under each curve times the quantity 2/(1 - TRZ) is the factor by which'the
shear increases due to a tapered planform.

It may be observed from Figure 13, that even with a large variation of
Reynolds number on the planform (for example, Rcr = 10 9 to zero at the
tip), the major contribution to the integral is obtained over the first decade
(Rc/Rcr = 1.0 to 0.1). In the case of the upper-bound (laminar flow) and the
lower-bound (N = c) this contribution is 97 and 99 percent, respectively.
This then, suggested the approximate approach of representing the Sivells
and Payne formula in the integrand over the entire Reynolds number range
by a local povwer-law fit obtained as the average over the first decade.

Thus, the shear on the surface is obtained from the power-law solution
with the exponent parameter, N, given as (for Sivells and Payne);

log Rc r -Z
0.8686

Alternately, as was done for laminar flow, the shear force may be expressed

in terms of an average chord, c;

TW = q6 A(CF)

whe re

E = c r 1 7__ 7 2 )
10 /

and 1
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Figure 13. Planform Effect on Shear Force
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Initial Surface Correction to Shear Force

When an initial surface is specified, the shear force is determined for the
combined surface geometry, for the initial surface, and the difference
obtained as the value for the surface of interest. This in effect is dealing
with three surfaces which have the following characteristics (see sketch
below):

1. Initial surface; Area A1 , maximum chord length Li, taper ratio
TR 1, and shear force rW1.

2. Surface of interest; Area A2 , maximum chord length LZ, taper
ratio TR?, and shear force 7W2.

3. Combined surface; Area A 3 = A1 + AZ, maximum chord length L3,
taper ratio TR 3 , and shear force 1 W3.

The shear force on surface 2 is

7W2. = W3 - 'rWI

( A1 [(CF 1KVDI) ]'
- q6 A2 (CF KVI)3 1I - [ (CFKVi)3 -"

In the Arbitrary-Body Program this is compacted to the form

'W? = q5 A2 (CF KVI)3 (I - FF)

where FF has the mnemonic form factor or friction factor. Three possi-
bilities are considered in determining the friction factor: (1) both surfaces
laminar, (2) first surface laminar and second surface turbulent, and (3)
both surfaces turbulent.

/ / 1 2
/ INITIAL SURFACE SURFACE OF INTEREST

/ AREA Al AREA A2/
/

L3
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Initial Surface Correction to Induced Pressure

The average pressure on surface 2 is defined as follows:

? Fz F 3 - F 1  P 3 A 3 - Pl A1

A2  AZ  AZ -

where Fi is the force on surface i. The average pressures on the initial
surface and on the combined sui race are given by

3 04(1 +.TR 1 + TRl

P + 8 B 1 + TR3 +  "TR3

P3 B3 [(1 + TR 3 )(1 +ji'R3)

and the areas by

Al = bLl(l + TRI)/2

A2 = bL,(I + TRZ)/2

A3 = bL 3 (l + TR 3 )/2

Substituting these expressions into the above definition and after some
algebraic manipulation the result may be written as

1

8 mX([+TR 3 +vTR ]{ (Ll)(l+TRI+VTR1 +VThR)

The length L 3 is defined as the maximum chord length of the combined sur-
face, so as LI"-0 it is readily verified that the pressure reduces to the
same expression previously given for a single, tapered plate.

Viscous Force on Blunt Bodies

The earliest space capsules were designed with large spherical nose
caps and flew ballistically at zero degrees angle of attack. For such
vehicles, it was found that inviscid flow field calculations were ade-
quate to p- dict the splash point. The later generation capsules were
designed to fly at angle of attack to provide lift and it has been shown
that viscous forces can have a significant effect on predicting the
splash point. The theoretical solution, then, must provide some means
for estimating the viscous effect.
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The procedure included in the Arbitrary-Body Program is that developed
by Goldberg of the General Electric Company (References 52 and 53).
This method is given in the form of relatively simple correlation formulas
in terms of the shock-layer Reynolds number and inverse density ratio.
The method is applicable to the low density conditions associated with high
altitude entry and is equally suited to real gas or ideal gas analysis.

The shear force in the stagnation region of a blunt-faced body is given as

TI = TWo KVI

where the shear without low density or viscous-interation effects is

( gOA 2 cosTWO° ( - 0. 4 5j )

and S is the surface impact angle,

6 is the inverse density ratio, = (P2 /Pa) 1

Res is the shock Reynolds number

= P UZRB/ 92

RB is the body nose radius.

The viscous -interaction correction factor, KVI = TW/ TW O, was obtained

from higher-order analysis of the boundary-layer flow (Reference 52 ).
The present authors have developed a correlation formula to represent
these solutions in the Arbitrary-Body Program. This factor, a compli-
cated function of both shock Reynolds number and z ensity ratio, has been
approximated by a combination of exponential transition functions of the
type described by Grabau (Reference 54). These are

1
even transition: y - exp K(X " X)

1
odd transition: Y = 1 + exp K(XI- X0 )

These functions are essentially the kernels for the Bose-Einstein and for
the Fermi-Dirac distribution functions, respectively, for the even and the
odd transitions. The notation of transition is used since these functions
represent the smooth transition from one asymptote to another; the even
case does not have a point of inflection and the odd transition has a point
of inflection.
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In the present application, a correlation formula for the viscous-inter-
action parameter has been obtained by a combination of an even and odd
transition function. The curve is considered to have three asymptotes
(see the sketch below); Yl, Fl, and FZ. First an even transition is
determined for the curve between Fl and FZ and this is designated Y2.
Next, an odd transition is established between Yl and Y2. The curves
are adjusted through.the values specified for the exponential constants,
K, and the origin coordinates, Xo . Details of this procedure are given
in Reference 54.

FI

F2

Y I

x

The correlation formulas developed for the present case are as follows.

Independent variable X = log (E3 Res)

Fl - Al +BlX)

Al = 0.667

Bl = 1.1111

FZ = 1.0

Yl = 0.0
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D

YZ = Fl + (__ 1.0- Fl)
1.0 - exp [EVK (X - XOEV)]

EVK -1.80

XOEV= - 0.3

1.0 + exp [ODK (X - XOOD)]

ODK = - 2.0

XOOD= AOD + BOD(logE)

AOD = 1.0

BOD = 3.2907

Comparison of this correlation and the boundary-layer solutions are
shown in Figure 14. The general shape of the curves is well repre-
sented by the correlation, although some accuracy is lost, particularily
at the peak of the C = 0.04 curve. It would be possible to tailor-fit
each of the C-curves through further variation in Fl, the exponential
constants and origin coordinates. However, since only three solutions
were available, the determination of more accurate fits was not deemed
justified. Three additional C-curves are given on the figure to demon-
strate the behavior of the correlation formula. .

An example of this technique is shown in Figure 15 were the predicted
values of lift coefficient for the Gemini space capsule are compared
with experimental results (Reference 55). The modified Newtonian
calculation has been performed for the entire shape and the viscous
calculations (broken lines) made only for the blunt face. The present
comparison, due to the limited data used, -may not completely justify
the method, but it does show the significance of the viscous contributions.

The blunt-body viscous calculations are not limited to entry capsules
but may be applied to any blunt portions of a vehicle (e. g., leading
edges). The method is primarily dependent on impact angle and, there-
fore, the detailed inviscid geometry is used. It is for this reason that
the method has been included as one of the inviscid force options. Zero
contribution is assumed for shadow flow.
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Figure 15. Gemini Lift Coefficient Comparison
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Control Surface Forces

An important feature of the flow about hypersonic control surfaces is the
bc.undary-layer flow separation phenomenon. Flow separation on the control
surface and on the surface of the vehicle ahead of the control can have a pro-
nounced influence on control effectiveness. This is a very difficult problem
to analyze theoretically with any degree of accuracy. However, the use of a
simplified flow model and empirical boundary-layer separatien data will
allow the solution of this problem with sufficient accuracy for most prelimi-
nary design purposes.

The basic factors involved in the control surface flow separation phenomena
are illustrated in Figure 16. In these flow model. the pressure in the
separated region is taken to be the plateau pressure. This region is well
defined for laminar flow and may affect a large portion of the vehicle surface
on, and ahead of, the control flap. For turbulent flow the separated region
is much smaller but, although a true pressure plateau ma not exist, a flow
model using the inflection pressure will produce useful results for most
purposes.

The boundary layer separation at point XSEP is termed a free-separation

and the separation angle in this flow model depends only on the local
Mach number (Mo ) and Reynolds number (Rxo) ahead of the separation re-

gion. The extent of the separation region as indicated by the separation
length ISEP is determined by the strength of the shock at the flow reattach-
ment point XR. As the control surface deflection angle f is increased,
the flow turning angle at the reattachment point increases, the final overall
pressure rise after the reattachment shock increases, more flow is forced
back up the boundary layer and into the separation region, and the length of
the separation region increases to accommodate the greater flow in the
separated area. The length of the separation region continues to increase
until the reattachment point reaches the control surface trailing edge.

Present theoretical methods are completely inadequate for the prediction of
separation effects; complete reliance, therefore. must be placed on empirical
correlations. The relationships used in this program were taken from the
work of Popinski and Ehrlich in Reference 56. The basic approach used in
the Arbitrary-Body Program is essentially the same as this reference.
There are, however, a few significant differences in the details of the pro-
gran application. Since the program can perform shock-expansion calcu-
lations this capability has been exploited in the flow-separation application.
Also, since all of the calculations are carried out by the computer program
rather than being done by hand it is possible to use a strip theory approach
that permits a rough assessment of the three-dimensional effects. The
computations within the program assume an ideal gas.

7The application of th., flow-separation criteria in this program also has
another very signifi,.'ant different from Reference 56. The program uses
shock-expansion th,.ory to determine the flow separation pressure changes
and then applies these separation corrections to the pressures calculated
for the vehicle, usLng any of the other force methods. This process is
illustrated in Figi.re 17.
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Figure 17. Correction of Normal Pressure Method
Results for Separation Effects

The final surface pressure is calculated by the relationship shown below.

= N (P: SE (N
This technique not only gives a smooth trend of data as the deflection angle
goes to zero, but also insures that it will match the basic vehicle results
using whatever normal force method has been selected.

The essential features of the flow-separation calculations are given below.
The notion is maintained consistent with Reference 56.

The calculation of flow-separation effects uses a three-cycle process. On
the first cycle a streamwise strip of elements is analyzed using the shock-
expansion method to determine local conditions at the hinge point. The
inviscid pressure rise onto the flap is calculated also and compared with
the incipient separation criteria. The transition Reynolds number is input
to the program.

On the next cycle the shock-expansion method is again applied to the same
streamwise strip of elements, only this time separation effects are ac-
counted for. This is accomplished by checking at each element to see
if the flow separation point has been reached, and by calculating the
new pressures. Again, the equations in Reference 56 were used in
these computations. For other reviews of the separation problem see
References 57, 58, and 59.

On the third cycle of calculations along the streamwise strip of elements
the pressures are calculated using the normal input pressure calculation
method (IMPACT and ISHAD). At the same time, these pressures are
corrected by the flap deflection and flow separation pressure increments.
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The above discussion gave a brief outline of the techniques involved in the
flow separation calculations, Of cour e, a thorough study of the listing of
the FLOSEP subroutine is necessary to obtain a thorough understanding of
the methods used. The following description of the equations used will
assist in this study.

The basic purpose of the first flow separation analysis cycle is to deteZmine
the local flow properties at the hinge-line element, and with this information,
to determine the pressure rise in going from the fore .surface element at the
hinge line to the first element on the flap. This pressure rise is then com-
pared with the empirical incipient pressure rise equation to determine if the
flow separates.

On the first FLOSEP cycle the flow properties on each element in the stream-
wise strip are calculated by the shock-expansion method. This gives complete
freedom to analyze curved vehicle surfaces in front of a flap (the fore-surface)
and also on the flap itself. In many such cases this approach will give useful
results even though the empirical separation criteria equations used are
derived from tests on flat surfaces only.

When the hinge-line element is reached on the first FLOSEP cycle the program
checks for flow separation. The flow turning angle at the hinge line caused by
the control deflection is calculated from the following relationship.

a NyN• NN )2 + (N)NY N N Z + (NxNY N N

f zH ZNYH -H - XNZH H NYNXH

where

NX, Ny, N the direction cosines of the first element on
the flap.

NX H, NY H, NZH = the direction cosines of the hinge-line element.

Note that when the flap is not a plane surface the flow deflection angle cal-
culated by the above equation will be different than the program input control
surface deflection angle.

The inviscid pressure rise at the flap is calculated by the shock-expansion
method (oblique shock or Prandtl-Meyer expansion as the case may be).
This pressure rise is then compared with the incipient pressure rise cri-
teria given in Reference 56.

. %-0. 306Z. 03(M 1

(Cp) = (R "H ) 1T4 Laminar
ainc e

2. 2
(Ce) inc ReTH)/I Turbulent

L

90



where

(CF) = the pressure rise required to cause incipient
a inc separation.

Ma = the local Mach number at the hinge line.

Re = the Reynolds number at the hinge line based on
alHL the local hinge-line flow properties and the

distance from the leading edge.

Subsequent FLOSEP calculation cycles require a value for the flap chord
length (C flap), This length is taken as being the distance from the hinge

line to the flap trailing edge as given by the following equation.

2 2 '7 2
C flap (XTE - XHL) + (YTE - YHL ) + (ZTE - ZHL )

where

XTE' YTE' ZTE the average values of the X, Y, Z element
coordinates at the trailing edge.

Viscous separation effects are calculated on the second FLOSEP calculation
cycle. The general procedure used differs from the method of Reference 56
in that no iteration process is used to determine the separation point. Since
the vehicle surface is not restricted to flat surfaces this technique is not
possible. Instead, as the local flow properties on each stream-wise element
are calculated a check is made with the appropriate equations to see if the
separation point has been reached. When flow separation is indicated on a
given element a linear interpolation of parameters between the last non-
separated element and the separated-element is used to determine the exact
point and conditions at the separation.

The following calculations are required to provide information for the check
for flow separation. The local Reynolds number at the element centroid
is given by

R e XLE (Re / ft)
0

where

XLE the distance .from the leading edge to the element
centroid.

* /ft = the Reynolds number per foot based on the local
a element flow conditions.

91



The plateau pressure rise due to separation is given by the following
equations.

{Cp2 1 5 {M2 -)0.262

(C -1.56(M Laminar flow
a P (Re  /4

0

1 9 (M2 -)0 "309

(CP 1.91 (Ma ) Turbulent flow
P (R e  0!

eX '
0

The ratio of the plateau pressure to the local element pressure upstream
of the separation Is given by

PP/Po = 0.7 M 2 (C Pe) + 1.0

The ratio of the distance from the start of separation to the hinge line (dl) ,
and the local boundary layer thickness (6o) --s given by

M -4.1.1)5
d1/6 = 5.69 x 10 M (PP/P - 1) 3 Laminar flow

d1/6 = 1.1 x i06 Ma- 1.67 (PP/P - 8 . 5 5 Turbulent flow

The calculation of the boundary layer thickness requires the local surface
Reynolds number per unit length based on the reference condition (Re* /ft).
This parameter is obtained by the temperature subroutine (TEMP) used in
the skin friction calculations. The surface wall temperature required to
find the Reynolds number may either be -ietermined by the temperature
routine or input. The same options used in the viscous force calculations
are available to FLOSEP.

The boundary layer thickness is given by the following equations.

5o 5.2- 5Laminar

XLE R e * /ft

60 0. 154

E6/7 ( ) 1/7 TurbulentX LE (Re / ft) 9
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From the above equations for d 1 /6 0 and 6 0/X LE we may obtain the distance

from the start of separation to the hinge line (d 1 ). The separation distance

parameters are shown in Figure 18 as taken directly from Referer'ce 56.

PRESSURE DISTRIBUTION REFERENC E LINE
AL ALONG THE SURFACE

P ____________________ Po ____________P P _______

XSP-YEP 
d3AON1H

XHX --- XFA

AXSEP x LE -xSEP

if X LE 2X SEP' then the separation point has been reached.
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where

XLEH  = the distance from the leading edge to the hinge line.

XS = the distance from the leading edge to the separationSEP point.

The exact flow separation point and the attendant flow properties are cal-
culated by a linear interpolation between the data on the element before the
separation and the actual separation element.

The procedure used in calculating the other required flow separation geomet-
ric parameters and the separation pressures is outlined below.

The ratio of the free interaction length (Ifi) to the boundary layer thickness

(5o is obtained from the following equation.

fi= 2. 47 X 105 M -4. Z (Pp/Po " I ) 3 .45 Laminar
60 P

Ifi 4 pP - 8.4

6 = 1. 84 x 104 M1. -3 Turbulent

The free interaction length is now calculated.

fi= (fi/60) 6 o

If the flow is separated on the first element of a strip the parameter fi is

set equal to 0. 0. Also, the parameter XLF SEP is set equal to 0. 0.

The ratio of the downstream interaction length to peak pressure (d2 ), to the

upstream interaction length (dl) is given by the following equations.

For Laminar Flow

G fla d 2
d d .545 - .04 (M 6f)

d < 0.25 = .273 - .02 (M 6f)

11 f

M 6 > d 2 /d 1  = 344
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where

if .25 :S I
d d1

Cf
r= 1, if - -- >

25* d 1

.25, if lap < .25d l

For Turbulent Flow

C >ap I : d2 d I = 1. 16 - 0.33 M 6

d 121Ce f

5 0.25 d /d I  0.58- 0. 165 M 6
d 1  a f

M 6f > 2.4 d 2 /d 1  = 0.37

where

1, for d : 1

1

flap for 1 > fla , 0.25

0.2Z5, for ChaP < 0.25

From the above equations the downstream interaction length to the peak
pressure (d 2 ) may now be calculated.

The angles associated with the separation are given by

0 sin 1 (C ) p + I + I _

tan = 1 2.0 sin M

t a c o s 0
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L

where

= the flow deflection caused by separation.

0 = shock angle for the flow turning angle, 4.

If the flow has separated at the leading element the angles are given by

ta-1[dZ sin 68f
tan d + dZ cos 6f

The ratio of the downstream interaction length to pressure rise (d 3), to the
upstream interaction length (dl) is given by

d ( tan ) tan1

and

d = (d 3 /d I ) d 1

If the distance d 3 is greater than the flap chord length, C flap' the separated

region as determined fron. the above equation extends beyond the end of the
flap. When this condition occurs the distance d3 is set equal to the flap chord,

C flap' and a new value for d calculated based on conditions that existed at

the originally calculated separation point.

d = d 3 /(d 3 /d 1 )

This value for dI will be smaller than the original value and will give a new

flow geometry model with the same flow turning angle, 6, but with the
separated region reduced to extend to the exact flap trailing edge point.

The plateau pressure caused by the separation turning angle 4, (C ), is
calculated by the oblique shock compression subroutine. Ip

The flow turning angle in going from the plateau pressure region to the final
peak flap pressure area is found from

The resulting peak flap pressure (CP~ ) is also calculated by the oblique

shock compression subroutine. 19
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The flow separation pressures are distributed on the fore-surface and the

flap by using the following equations.

If XLE XLEsEP CsEP

If XLE XLE and < (XLE + 2 fi)
L LESEP LESEP f

Cp + - p CPx

SEP = ( i+ C P - (CPIXf /) XLESEP

where

C = the surface pressure at the separation point.
x

The iullowing equations are used to distribute the separation pressures on

the flap.

If XLE < (XLE H + d 2 ) Cp = Cp

If XLE > (XLEH + d 3 ) and < (XLE H + d 2 )

CPSEP 2 - PIP (XLE - LE H - d 3 ) + CPIp

For d2 C flap CPSEP Ip
If d3 > Cflap CP S CpT

If XLE ?_ (XLE H + dZ) CPSEP CPi 2

At the end of the second flow separation cycle the above pressure coefficients
are converted to pressure with the following equation.

SE riP s 0 CO

where

P O the free stream pressure.

M - the free stream Mach number.

PSE v the pressure on the surface using shock-expansion
ViS methods and including viscous separation effects.

97



The purpose of the third cycle of calculations down a strip of elements is to
determine the basic surface pressures using the normal program pressure
calculation method (i. e., Newtonian, tangent-cone, etc. ), and to determine
the final surface pressures including the viscous separation effects. For
this cycle the control surface is set to the undeflected position. The final
surface pressure is given by

t: P

where

P = the final surface pressure including control surface
effects.

P N = the surface pressure calculated by the normal progiam
input pressure calculation method.

P 6  = the change in surface pressure due to control surface
e deflection and including separation effects.

P=SE the surface pressure using shock-expansion methods
without the separation effects.

Typical results obtained with the above analysis techniques are shown in
Figure 19.
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Figure 19. Effect of Flow Separation on Surface Pressure
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Propulsion Effects

The operation and design of an air-breathing propulsion system of a
hypersonic vehicle can have a strong ;nfluence on the vehicle stability
and control characteristics. For some aircraft, such as scramjet-
powered vehiclcs, the engine, including the inlet ard exhaust systems,
may be highly integrated ito the vehicle design. For these configura-
tions the bookkeeping system as to what is engine and what is airplane
is no longer easy to resolve, A detailed analysis of these problem
areas is obviously beyond the scope of this program. These problems
must be solved by detailed engine-airframe studies.

It is important, however, that the Arbitrary-Body Program be capable
of properly using the results from these propulsion system studies in
evaluating a total vehicle's stability characteristics. The approach used
is outlined in the following discussion.

In investigating the propulsion effects on hypersonic stability it is
usually desirable to examine each of the various components of the
engine thrust system. The equations for a general air-breathing pro-
pulsion system are given below.

T i Ft (V 2) + rhfV 2  + (P2 " Po) AZ
R = i 7 (VI) + (pl - po) A,

where

T gross thrust

R ram drag

rma nmass flow of air through the engine system

rufi mass flow of fuel added to the stream
V flow velocity at the forward flow control boundary

V = flow velocity at the rearward (exhaust) flow control boundary

PO = reference pressure

Pl = pressure at control boundary 1

P = pressure at control boundary 2

A area

00



The vector relationships for a simple engine system are illustrated
in the diagram below

Gross Thrust

a

a1 (9 - O

Ram Drag

The propulsion system has two main influences on a vehicle's stability
characteristics. First, the engine ram drag and gross thrust vectors
create moments about the vehicle center of gravity. Second, the ex-
haust jet may at times expand onto the aft surfaces of the vehicle and
alter the local pressure distributions. The numerical values of the
parameters involved depend upon the engine-airframe bookkeeping sys-
tem adopted. The final result, however, should be the same under any
system. Any given bookkeeping system serves only to insure that all

factors are properly included and that no factors are included twice.

The engine related forces are input to the program in the form of vectors
positioned in space. The input information includes the magnitude of the
force in pounds, its point of action on the vehicle (in the vehicle X, Y, Z
coordinate system), and its direction. The direction is given by the force
vector direction cosines. Any number of vectors may be used.

The force vectors are converted into vehicle coefficients by the following
equations.

AC A  F(-N x) (qS red)

ACy Y F(-Ny)/(qSref)

ACN F(Nz)/(qSred

AC. ACy(Z cert - z cg)SPAN

+C N(Ycent - z )/SPAN
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AcgAC (X X )/MAC 4M  N AC(cent - g

+ACA(Zcent - Z cg)/MAC

ACN = ZCy(Xcent - Xcg )/SP%7N

-ACA(Ycent - Ycg)/SP AN

where

F = force vector in pounds

NX, Ny, N are the direction cosines of the force vector

q = free stream dynamic pressure

These coefficients are converted to the lift and drag directions by the
standard transformation equations previously discussed.

Dynamic Stability Derivatives

The dynamic stability derivatives due to pitching velocity (Cm ) and
q

vertical acceleration (Cm . ) are important in the damping of the short-
a

period stability mode. For flight at hypersonic speeds the derivative
C provides the major part of the damping since Cm is usuallynm m

quite small.

The derivative Cm  is the change in pitching moment coefficient with
q

varying pitch velocity and is commonly referred to as the pitch damping
derivative. This derivative represents the effect of rotation of the
vehicle about a spanwise axis at constant angle of attack such as in a
steady pull-up. Because the vehicle is rotating, different parts of the
vehicle have different velocities relative to the free-stream depending
upon their distance from the center of rotation. This is essentially a
steady-state problem and may be solved by the use of steady flow con-
cepts. The common definition for Cm  is

q

aC
- m

C 
1
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whe re

C = pitching moment coefficientm

q = pitching rate

= reference chord for moment coefficients
(frequently the mean aerodynamic chord)

V flight velocity

The method used in the Arbitrary Body Program to calculate this
derivative has been presented earlier in this report and will not be
repeated again in this section. The basic approach used involves the
calculation of the local relative flow velocity for each part of the ve-
hicle depending upon its distance from the center of rotation and the
rotation rate. Once the local velocity direction is known the surface
pressure is calculated using any of the methods available in the progra
as desired (except the shock-expansion method).

The results of the rotational derivative calculations depends upon the amount
of detail used in the geometrical description of a shape. This effect is illus-
trated in Figures 20 through 23. These figures contain the results of the
%a calculations for a cone and for a wedge. The geometrical representa-

q
tions used are shown in Figures 20and 21. The results obtained with different
amounts of geonmetry detail in the longitudinal direction (AX/body length) are
shown in Figures 22 and 23. These figures show that the program calculated
values of C are within less than one percent of the exact analytical

q
results when the shape is represented with longitudinal divisions of 10 per-
cent of body length or less. It is evident from these results that the normal
definition of a vehicle as used to give accurate static coefficients is also
quite adequate for the dynarnic derivatives.
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The derivative C is much more difficult to calculate accu'rately since

it is caused by unsteady flow phenomena. Fortunately, this term is
quite small for hypcrsonic vehicles in high-speed flight so approximate
methods usually suffice. This stability derivative is the change in pitch-
ing moment with rate of change of angle of attack and occurs at constant
pitch angle. It is frequently referred to as the "plunge" derivative
since it represents the effect of a change in vertical acceleration.
The common definition of this derivative is

aC
-

m

For a rigid vehicle this derivative arises from an aerodynamic time lag
effect since the flow is not able to instantaneously adjust to changes in
flight conditions. For low-speed airplanes the major component of this
coefficient is caused by the fact that a change in the wing downwash
field takes a finite length of time before it arrives at the tail. For
tailless aircraft chere still is a C since the vehicle must accelerate

the air mass in its path as it accelerates. This parameter is also sub-

ject to high-speed aeroelastic effects.

No general theory is currently available for calculating C M. The

parameter itself is usually difficult to obtain experimentally since it
cannot be separated from the total damping coefficient measured
C Cm + Cm ). References 60, 61, and 42 contain discussions of

the most frequently used procedures for calculating Cm. for wing-
0

body-tail configurations. Reference 63 discusses the use of the
rheoelectric analogy for stability derivative determination.

In the analysia for the damping derivative C it is convenient to dividem o

the vehicle into separate components consisting of the body, wing, and
tail surface. The wing contribution may be found from the relationship
below.

= S~ (KwB KBw) (mw t ( &)

where

Sw  = exposed wing area

S reference area
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KwB interference factor for effect of wing in
presence of body (see Reference 64)

KBw = interference factor for effect of body in
presence of wing

Ew= mean aerodynamic chord of exposed wing

= reference chord for moment coefficients

C' = basic wing & derivative as obtained from
m.Refere-nce 60.W

The body contribution may be obtained by using the relatively simple
results derived from slender-body theory. Reference 65 points out
that although slender-body theory alone does not accurately predict
the characteristics of nonslender configurations, the ratio of slender-
body derivatives may be used to obtain reasonably accurate results
as indicated below.

(Cm') = (Cm)( Cma )slender body

where

( = body pitching moment derivative as calculated
C o]B by the arbitrary body program for the actualshape involved

B_ c L LI

(C m:)slender body: 2 (L/ 0) B Vo -r-

Xo /L and xc/L = center-of-gravity and area-centroidlocations relative to the overall body

length

S-B .dv tro t ! are ;
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The contributions of a horizontal tail to C are given by the relationship

, ZQ ST  2 2(Cm) = OST s rT (cL,)T (KTB+ KBT)( -Z ( ;V-c

wl'ere 
q CL

Q = tail effectiveness ratio = C

ST tail exposed area

r tail dihedral angle

(CL) tail lift curve slope

T

KTB and KBT = tail lift interference factors

XT = tail length

a ( Ia) average upwash induced by the wing at the
- aV! tail location (becomes negligible in the

hypersonic range)

The accuracy of the above methods for high angle of attack conditions
or for very blunt lifting re-entry bodies is not known, although Reference
63 states that slender body theory is useful for such situations.

The use of the above relatively simple approach for the calculation of
the C derivatives would allow the determination 'of the p derivatives

in a similar manner (see Reference 65).

(CY )B yB y slender body

ere
/Cy{, '_ 4 Volum~e

- Sb

/slender body -
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SECTION III

PROGRAM ORGANIZATION

The basic organization of the Mark III version of the Arbitrary-Body
Program is shown in the diagram below. Each major part of the program
could, with only minor modifications, operate as a completely separate
computer program.

EXECUTIVE PROGRAM
(HABS)

AERODYNA miC PROGRAM GRAPHICS CONTROL SEAB DELTA PRGA] CR UC RG
IAE~i GRAPIC) ISIABDD)

GA IPLOr, R PROGRAMI
PCTUR (PLOT)

The most important component of this system is the Aerodynamic Program
(AERO). The general features of the logic flow for this part of the system
are shown on Figure 24. Each subroutine is descr-ibed in more detail in
Volume I of this report (pages 16 through 25). '.. , graphics parts of the
system are described on pages 25 and 26 of Volume I.
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I SURFACE DJATA
READ ELEMENT DATA WREAD IN GEOMETR'TITLE CARD j CALCULATE QUAC

REI READ FORCE DATAII TITLE CARD

Iri FIGHT CONDITION CR

I FL AGS, NO, OF a8,ETC.]I

I SET UP DERIVATIVE DATA j

It

IG _ _ OREFROGAMCATULTFFCI

I SET NEIATIVRES CALCULATE DERIVATIVES I
CHEC K FO 1R LAST a-,8

IYES I M- -DERIVATI
j I ELLIPTIC INTEC

ITHRUSTFORC
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ELLIPCASUAE
GENERATION (ANAL)' I) WRITE GEOMETRY DATA

j PTICALON 

TAPE 8

(SDATA) PARAMETRIC CUB!C(PN)
fDATA AND GEOMETRY DATA

RILATERALS (ANALY 21

PRANDTL-MEYER EXPANSION
(EXPAND) 1

TANGENT CONE

TANGENT WEDGE

FLO SPAATON(FOSP)(COMPR)j

FLOWSEPAeONBLUNT-BODY NEWTONIAN +

S (FOCE) ' in~ PRANDTL-MEYER (NEWTPM)J

(SKSURF)ACE(TEMPERATURE I
(BLUNT) EATING RATES

F (QC)
ATMOSPHEREI

~FS (LUNGEI (ATMOS) J[ FLU ID PROPERTIES I
RALS (ELP )__ 

OYI !L

S VTOR) __

NGS IHEADEF1 THERMODYNAMIC DATA1
I (DATA)J

Figure 24. AERO Program Flow Chart
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SECTZ(ON IV

OPERATIONAL CONSIDERATIONS

The Mark II version of the Hypersoric Arbitrary-Body Aerodynamic
Cdmpiter Program System is w-ritten entirely in 2OkTRAN. Models of
the Mark IIIprogram are available for use on the IBM 360, the IBM 7094,
and the UNIVAC 1108 computers. For the Mdfk 11I pk6grarri the IBM 360
model is considered to be the base-line program. The differences between
the programs are of A minor nature and- modifications necessary for
operation on other similar computers shouidbe easy to accomplish. The
?rogram also makes use of the -Douglas version of the SC-4020 software
ystem package to generate a plotting tape. This tape is then processed
1f i-line by a Stromberg Carlson SC-4020 Data Recording System. The
,raphics parts of the program may be converted by the -user for operation

with on-line graphics equipment such as the IBM ZZ50.

OVERLAY STRUCTURE

Because of the large size of this program t is necessary to use the overlay
feature of FORTRAN. The overlay structure for the Mark III program is
shown below. With this structure the program requires approximately
105, 000,bytes of storage on the IBM 360 computer. The progran will also
operate on an IBM 7094 k32K) with-the requirement that eleven tape drives
be available (including the Atandard-input Tape 5, cutput Tape 6, and the
SC-4020 output tape).

OVERLAY STRUCTURE
MARK 11 PROGRAM

LTE

ALPAALPH-A A(HIALPHA

ASRO G~RAPIC DCRH ^(SC-.420 SOLE

EABBETA ETBEA BETA DELTA bDELTA

SAA ICONTRL OCE PUNE VTR PICTUR PLoi

SHKEXP
COMPR
EXPAND
NEW'TPM

CONE

C
POLY
ROMU
DAT

E P I NE P 5 1I " 1 1 E L .
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DECK SET-UP ANP, OPERATION

The overlay structure .caids for the IBM 360 computer are given below.

*ENTRY MAIN
INSERT MAfII=
OVERLAY ALPHA
INSERT AERO=-, HEADER=
OVERLAY VETA-
INSET SDAT-A=, ANALYl=, ANALYZ=, ANALY3=, PUNCH=
OVERLAY BETA
!$S9 RT CONTRL=

VRLAY B;ETA
INEtR-, ,f R"C E
INSERT [HCSERF
OVERLAY GAMMA
-INSEkT SZIKEXP=, COMPR., EXPAND=, NEWTPM=, TEMP=, QC=,

-POLY=,,ROMU=, CONE=
OVEAL'AY EPSILN
IS&RT 'LQSEP=
~ODLA YEPSILN
INSET SkINI R=

OVERLAY EPSILN
INSERT BLUNT=

INSERT ATMOS=
OVER LAY BETA
INSERT PLbflGE=, E-LP 1=
OVERLAY BETA
INSERT V.ECTOR=
OVERLAY ALP14,A
INSERT GRAPHIC=
INSERJT NXV=, XSCALV=, NHCAWAU, NHCAWAO, NHCAWAP
INSERT YMODV=, XMODV=, NHCAWBN *
INSERT NHCAWFC, VXAXV=, APLOTV=, APRNTV=, BNBCDV=, -

BRITEV=, DOTLNV=
INSERT ERMRKV=, ERRLNV=, ERRNLV=, GRID IV=, LABLV=, LINEV=,

LINRV= *
INSERT NOFRV=, NONLNY=, PLOTV=, SETCIV= *
INSERT SGSETV=, ARGQ= -
OVERLAY DELTA
INSERT PICTUR=, HEADRZ=
OVERLAY DELTA
INSERT PLOT=
OVERLAY ALPHA
INSERT SLABD=, TTABLE =, QINT=
OVERLAY ALPHA
INSERT CARD=

Note: Those cards marked with an asterisk (*) contain the
SC-4020 routines. The asterisk is not actually punched
on the cards but is just used in this report to indicate
the SC-4020 insert cards.
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---

The deck set-up for the IBM 7094 model of this program is outljed below.,.

$30OB as required

$SETUP as required

$RESTORE required on Douglas system

as required to give on-line message 'to machine
operator (any text in card columns 3-72)

$EXECUTE IBJOB

$IBJOB

HABS Main program

$ORIGIN ALPHA

AROA Subroutine AERO
AROB HEADER

$ORIGIN BETA

AROC Subroutine SDATA
AROD ANALY1
AROE ANALY2
AROF ANALY3
AROG PUNCH

$ORIGIN BETA

AROH Subroutine CONTRL

$ORIGIN BETA

AROI Subroutine FORCE

$ NCLUDE FEREF

$ORIGIN GAMMA

AROJ Subroutine SHKEXP
AROM COMPR
ARON EXPAND
AROO NEWTPM
AROP CONE
AROR TEMP
AROS QC
AROT POLY
AROU ROMU
AROV DATA
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IBM 7094 Deck Set-Up (Continued)

$QRIGIN EPSILN

AROL Subroutine SKINFR

$ORIGIN EPSILN

AROK Subroutine FLOSEP

$ORIGIN EPSILN

AROQ Subroutine BLUNT

$ORIGIN GAMMA
AROW Subroutine ATMOS

$ORIGIN BETA

AROX Subroutine PLUNGE
AROY ELPI

$ORIGIN BETA

AROZ Subroutine VECTOR

$ORIGIN ALPHA

GRPA Subroutine GRAPIC

$INCLUDE All SC-40Z0 subroutines required by program except
those that must be in the main link.

$ORIGIN DELTA

GRPB Subroutine PICTUR
GRPC HEADERZ

$ORIGIN DELTA

GRPD Sub.routine PLOT

$ ORIGIN ALPHA

SLBA Subroutine SLABD
SLBB TTABLE
SLBC QINT

$ORIGIN ALPHA

CARD Subroutine CARD

$DATA

All program input data cards

End of File (7 and 8 punches in card column 1)

$IBSYS
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TAPE ASSIGNMENTS

The operation of this program requires the availability of ii logical units
(besides the systems units). On the IBM 7094 these will be magnetic tape
units. On the IBM 360 computer some or all of these units will be on disk
storage. In either case, the logical units are referred to as "Tapes"
throughout this discussion. The units required and their use in the program
are listed below.

Unit Mode Program Usage

1 Binary Storage of aerodynamic coefficients
for summation.

3 Binary Storage of control fore-surface
geometry data.

4 Binary Storage of excess of quadrilateral
element data when number of
elements is greater than ISIZE.
Also used to store geometry data
for control-surface flap.

5 BCD Standard system input tape unit.

6 BCD Standard system output tape unit.

" Binary Standard system punch tape unit.

8 BCD Storage of geometry data in surface-
element form.

9 Binary Storage of aerodynamic data to be
plotted by PLOT routine.

10 Binary Storage of counter of aerodynamic
data saved for plotting by PLOT
routine.

11 Binary Storage of control-surface geometry
in the flap-deflected position.

16 Binary SC-4020 output tape for the Douglas
version of the SC-40Z0 system.
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Tape Assignments (Continued)

For operation on the IBM 360 computer it is recommended that the following
units be on magnetic tape: 3, 4, 8, a-ad 11. These tapes may be defined
as follows:

//GO. FTOSFO01 DO DSNAME=F FTO3,UNIT=TAPEAoISP=(NEWDELETE),
DCB=(RECFM=V, BLKSIZE=800,DEN=2, TRTCH=C)

//GO.FTO4FO01 DO DSNAME=&FT04,UNIT=TAPEB,DISP=(NEWDELETE),.
1/ DCB=(RECFM=VBLKSIZE=8OOUEN=2, TRTCH=C)
//GO.FTO8FOOI DD DSNAME=TFTO8,UNIT=TAPEB,DISP=(NEWKEEP),
I/ DCB={TRTCH=ETRECFM=F, BLKSIZE=84,DEN=2)
//GO.FTLIFOO! DD DSNAME=&FTIlUNiT=TAPFBDISP=(NEWDELET), X

DCB=(RECFM:V,BLKSIZE=bOOtEN=2 ,TRTCH=C)

SC-40 0 SYSTEM

This program makes use of the Stromberg Carlson SC-4020 Data Recording
System. The SC-4020 software system used by this program was originally

developed by North American Aviation, Inc. The Douglas version of this
system contains a number of revisions. Some of these revisions were made
to facilitate the use of the overlay features of FORTRAN.

Because of the large core-storage requirements of the Hypersonic Arbitrary-
Body System, it is important that all system subroutines be included in the
proper overlay link. On the Douglas version of the SC-4020 system two
subprograms must be overlay link 0. Other versions of the SC-4020 system
may have similar restrictions. For the IBM 7094 model of the program
these subroutines are PLO1 and SCOUTQ. Those subroutines required in
the overlay structure for the IBM 360 model of the program are indicated
by the asterisk on page 116. All other SC-4020 routines on the IBM 360
must be in the main link. The following cards may be used to include the
appropriate SC-4020 subroutines in the proper part of the overlay structure
for the IBM 7094 model of the program.

$INCLUDE APLOTV, APRNTV,.BUTTVoBNBCDVBRITEV,C04020,CH4020

$INCLUDE DOTLNV,ER4 20..ERMRKVERRLNVERRNLVPFR4020,GRID1V

$INCLUDE HD402OHOLDIVHOLLVoID4020,INCRV,INTBCDoLABLV

$INCLUDE LE4020/LINEVLINRVNOFRVNONLNVtPL4,02OPLOTV

$INCLUDE PRINTVtSCBSRSETCIVSETMIV, SMXYVSTOPTVTF4020

$INCLUDE TI4020oTPNUMV,WP4020,WR402OXAXISVXMODQXSCALQ
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APPENDIX A C

PROGRAM WISTINGS ANqD PkLOW CHARTS-

This part,,of the, renort contains -the listings and flow' cliarts for the Mark I
Mod 0 version o'f the Hypersonic ArbitrairBody Aerod4ynamic Cafnputer
Prograiii System Also includeda;: the symbol lists, defining,:the VAriables
used in each subroutine. A combined list of all program- var~ibl~l i6 included,
in Appendix B.

The symnbol lists are divided into five fields which a3re described as follows:

(i)' The first field contains the .4yrrbol

(ii) The, second field contains thellett~rs I ., P '071C denotinig Mlteggr,
logic .I, or real variable respectively.

(iii) The third- field contains the lettersA A, C, D, t, denoting argq mefit
list, common, dimhensioned, or undiriwnsioned, variable respedtiw.ely.
Thebiterarchy of the above letters i# A C, D, U.

,(iv) The fourth field contains th~e definitioii of -the symbol.

(v) The fifth field contains the name of the, subroutinein which-:the

s ymbol occurs.
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INDEX TO SUBROUTINE ALISpTINGS AND FLOW CHARTS

Routine Name, Deck Pa ge

, M4AN- 'Main Program' (-Executive Program) HABS A-3,

2 AERO Aerodynamic Prograim Cbntrol AROA. A-1l

3 H-EADER Page ,Header SubkoutIae AROB A-47'

4 -SDATA Surface Data Subprogram AROC A;51

8 ANAMYf,1 -Elliptcal 'Cross-Section, Subprogram AROD A-75

6 ANALYZ 'Parametric Cubic Subprogram ARoE A-93
7 ANALY3 Analytical Shape Subprogram (Dumiy) 4ROF A-413

8 PUNCH- Element 'Data Write Subroutine AROG A-417

9 CONTRL Control-Surface-Defledtion Subprogram AROH A-123

10 FORCE Force-Calculation Subprogram AROI A.133

11 SHtEXP Shock-Expansion. Subprogram AROS A.-175

12 FLOStP, Flow-Separation Subprogram - AR0K A-187

13 SKINFR Skih-Friction Subprogram AROL A-217

14 C(MPR 'Compreaion 'Subprogram AROM, A-"47

15 EXPAND Prandtl-Meyer Expansion Subprogram AIRON A-257

16 NEWTPM Blunt-Bbdy Newtonian + Prandtl-Meyer AROO A-267

17 CONE Conical Flow Subprogram AROP A-279

18 BLUNT Blunt-Body Viscous Subprogram AROQ A-285

19 TEMP Temperature Subprogram AROR A-293

20 QC Convective Heating. Subprogram AROS A-309

21 POLY Polynorninal Subprogram AROT A-319

22 ROMU Equilibrium Air Properties Subprogram AROU A-323

73 DATA Block Data Subprogram AROV A-333

24 ATMOS Atmosphere Subprogram AROW A-337

25 PLUNGE Plunge-Derivative Subprogram AROX A-345

26 ELPI Elliptical-Integral Subprogram AROY A-363

27 VECTOR Thrust-Vector Subprogram AROZ A-369

28 GRAPIC rGraphic Executive Subprogram GRPA A-377

29 PICTUR Picture-Drawing Program GRPB A-381

30 HEADR2 Graphic Header Subprogram GRPC A-413

31 PLOT Output Data Plotter Program GRPD A-417

32 SLABD Slab Delta Program SLBA A-437

33 TTABLE Triple Interpolation Subprogram SLBB A-455

34 QINT Quadratic Interpolation Subprogram SLBC A-463

35 CARD Card Punching Subprogram CARD A-467
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MAIN PROGRAM (DECK HABS)

a. Algorithm

This routine, the main routine for the Mark III versi'on, of the
Hypersonic Arbitrary-Body Aerodynaiic Computer Program
System, acts as the system monitor. It controls and initiates
dkecution of the five priucipal components 6f this systemn. These
are the Aerodynamic Force Analysis Program (Program AERO
and its associated subroutines), the Graphics Program Options
(the Picture Drawing Program and' the Output Data Plotter Pro-
gram), the Auiliary Geomhetry Generation Program (Slab Delta
Program), and the cardpufnch routine.

The first action of the )program is for this Ececutive routine-to
read in System Control Card (Type 0). This card controls
the selection of each program option and the order in which the
options are to be used. Up to twenty different program phases
may be used, and any given option may be used several times.

If an error has been detected in any of the program subroutinse
control will be returned to the Executive Program with the
ERROR flag set fo the appropriate value. If the error is of the
non-fa'al type the Executive Main Program will start reading
in data cards until it finds a card with a;Type number of 99.
The pr gram Will then attempt to execute the next phase option.

b. Input/Output

System Control Card (Type 0)
Program Flow monitoring inforinatipn

c. Error

An error condition occurs when an error is returned by a sub-
routine, or when the System Control Card contains az illegal
value.

d. Subroutines Required

AERO, GRAPIC, SLABD, CARD

e. Argument List

Not applicable

f. Length

2170 bytes
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Z. SUBROUTINE AERO (DECK AROA),

This routine controls the flow of calculations Within the Aerodynamic
Force Calculation Option.

a. Algorithm

The first operation of this routine is to rewind the necessary
program tape units. It then reads the Element Data Title Card
(Type 1) and calls the Surface Data routine for the geometry
calculations. Upon return from-Surface Data (SDATA). the Force
Data Title Card (Type 8) is read and if IRETI is zero the Force
Data Title Card Will be read next. This is then followed by the
Flight Condition- Card, the Center of Gravity Data Card, and if
required, the Skin Friction Data Cards and Coefficient Incremerit
Data Cards. The program then starts the cycle-to calculate
force data at each flight attitude. This is initiated by the reading
of the Flight Attitude Data Card- The necessary data arrays
are initialized, derivative data established, and the Force cal-'
culation routine called.

Upon return from the FORCE routine the derivative cycle data
is -set and control returned to the FORCE routine if required.
If the control surface is to be deflected the CONTROL routine
will- be called before the FORCE routine is called. If required
the Plunge- Derivative and Thrust Vector routines will also be
ca.led.

b. Inprat/Output

Elem ent Data Title Card (Type 1), Force Data Title Card (Type 8),
Flight Condition Card (Type 9), Center of Gravity Data Card
(Type 10), Skin Friction Data Cards (Type 11), Flight Attitude
Data Cards (Type 12), and Coefficient Increment Data Cards
(Type 13). Output data consists of the vehicle summary force
data.

c. Error

An error condition occurs when input card Type number is in error.

d. Subroutines Required

SDATA, CONTRL, FOACE, PLUNGE, VECTOR, HEADER

e. Argument List

None

f. Length

15396 bytes
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3, SUBROUTINE HEADER (DECK AROB)

a, Algorithm

This routine provides the title at the top of each page of the output
and advances the page counter.

b. Input/Output

Program header is printed at top of page on output Tape 6.

c. Error

None

d. Subroutines Required

None

e. Argument List

None

f. Length

342 bytes
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4. SUBROUTINE SDATA (DECK AROC)

This subroutine prepares geometry data for use by the zest of the
program.

a. Algorithm

The Element Data Control Card (Type 2) is read and control passed
to one of the other geometry routines (ANALY1, ANALY2, ANALY3)
if required. The surface element data is then read (either from
input Tape 5 or from the geometry storage Tape 8) and converted
to quadrilaterals. These data are stored in core for the first
300 elements and on Tape 4 thereafter. All geometry data for
control surface components are stored on Tapes 3 and 4.

b. Input/Output

Element Data Control Card (Type 2), Element Data Input Cards
(Type 3).
When PRINTS is equal to 1 the Input Surface Element Data along
with the direction cosines and centroid coordinates of each
quadrilateral element are printed on output Tape 6.

c. Error

An error condition occurs when an input card type number is wrong.

d. Subroutines Required

ANALY, ANALY2, ANALY3, HEADER

e. Argument List

(PRINTS, SYMFCT, ISIZ, IO!RIEN, IGTYPE)

f. Length

13264 bytes
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5. SUBROUTINE ANALYI (DECK AROD)

This subprogram prepares surface-element data points for ci -v!,r,,
elliptical cross- sections.

a. Algorithm

The Ellipse Generation Control Card (Type 4) is read as are an
the Cross-Section Data Cards (Type 5). The input cross-section
data are stored in the appropriate arrays. The program then
takes each cross-section and calculates the surface element data
as directed by the input parameters. This information is stored
on Tape 11 and at the appropriate time is transmitted to the
PUNCH routine, recording onto the geometry storage tape.

b. Input/Output

Ellipse Generation Control Card (Type 4), and Cross-Section
Data Cards (Type 5).
No output data are produced.

c. Error

An error condition occurs when input card type numbers are wrong.

d. Subroutines Required

PUNCH

e. Argument List

None

f. Length

8552 bytes
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6. SUBROUTINE ANALY2 (DECK AROE)

This routine prepares surface element data from parametric cubic
boundary patch data.

a. Algorithm

The routine first reads in the Parametric Cubic Title Card
(Type 6). The boundary curve data for a patch is then read in
(Type 7 cards). A maximum of 20 points per boundary are per-
mitted. The boundary curve coordinate arrays are set up and
the arc length along each boundary calculated. The tangent
vectors at the corner points and the related end-point derivatives
are calculated. The constants for the boundary curve equations
are then determined. The routine then starts a cycle to gener-
ate element data points on the surface of the patch. This requires
the determination of the blending functions, the related points on
the boundary curves, and finally, the solution of the surface
equation. The element data are transmitted to the PUNCH
routine where they are recorded onto Tape 8.

b. Input/Output

Parametric Cubic Title Card (Type 6), Parametric Cubic
Boundary Data Cards (Type 7).
No output data are produced.

c. Error

An error condition occurs when input card type numbers are wrong.

d. Subroutines Required

PUNCH

e. Argument List

None

f. Length

6688 bytes
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7. SUBROUTINE ANALY3 (DECK AROF)

This is a dummy subroutine provided for future use. This routine
may be replaced with a routine similar to either the Ellipse Gener-
ation routine or the Parametric Cubic routine.

a. Algorithm

b. Input/Output

c. Error

d. Subroutines Required

e. Argument List

None

f. Length

124 bytes
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8. SUBROUTINE PUNCH (DECK AROG)

This routine writes element data card images on Tape 8.

a. Algorithm

If IPRINT is equal to 1, each card image will be written on
output Tape 6. The element data are recorded on Tape 8
in exactly the same form as normal input surface element
data (Type 3). Each card is given a sequence number and
the number of records written on Tape 8 is furnished to the
calling routines.

b. Input/Output

Element data are recorded on Tape 8 and also on the standard
output tape if required.

c. Error

None

d. Subroutines Required

None

e. Argument List

(Xl. Y1, Zl, NSTATI, XZ, YZ, ZZ, NSTAT3, SECT, TYPE,
LINE, SEQ, LAST, IPRINT, NREC)

f. Length

1276 bytes
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9. SUBROUTINE CONTRL (DECK AROH)

This routine changes the geometry data for control surfaces to the
proper deflected position.

a. Algorithm

The hinge-line coordinate data are determined from the first
two items in the NX2 data array. The required transformation
angles are then calculated. The element data for the control
flap in the undeflected position are read from Tape 4. The
rotation matrix and the control deflection matrix are then
applied to the geometry data. These data are then rotated
back to the original hinge-line centered coordinate system.
Hinge moment factor data are calculated and stored in the
XCENT2 data array. The new geometry data for the deflected
flap are stored on Tape 11.

b. Input/Output

None

c. Error

An error condition occurs when the total number of elements
on the control surface is greater than ISIZ (300 for the Mark II
program).

d. Subroutines Required

None

e. Argument List

(DELTAE, ISIZ)

f. Length

2376 bytes
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10. SUBROUTINE FORCE (DECK AROI)

This routine determines the pressure coefficients on each quadrilateral
element, resolves the force in the required body axis system, and sums
the contributions of each element to give the vehiclets six aerodynamic
coefficients.

a. Algorithm

First the necessary starting constants and conditions are set up.
The free-stream properties are then determined either from the
Atmosphere subprogram or from the ideal gas equation of NASA
TR 1135. The loop for calculating and summing up the forces on
each element is then started. The direction cosines of the velocity
vector are calculated and the quadrilateral element data are read
from core or from tape. Symmetry requiren.ents are then checked
and the signs changed if required. The velocity components w*th
vehicle rotation and the impact angle are calculated. If the impact
angle is less than, zero then the element is in a shadow region; if
not, it is in an impact region. The proper force calculation method is
then used to determine the pressure coefficient. The force sum-
mation method to meet symmetry requirements is selected, the
six aerodynamic coefficients calculated, and summation of the
coefficients is accomplished. If required, the Skin Friction
Subprogram is called for the viscous calculations.

b. Input/Output

If PRINT is equal to I the detailed force contributions of each
element will be printed.

c. Error

An error will occur when the arccosine of the angle '"etween the

velocity vector and the unit normal is greater than 1.

d. Subroutines Required

ATMOS, NEWTPM, COMPR, SHKEXP, EXPAND, FIJOSEP,
HEADER, SKINFR, BLUNT, CONE

e. Argument List

(ALPHA, BETA, CPSrAG, SREF, SYMFCT, XCG, YCG, ZCG,
MACH, SPAN, MAC, J, QRP, ALT, PRINT, CAI, CNI, CYI,
CLLI, CLMI, CLNI, ETAC, NS, IMPACT, IPRINT, IFIRST,
PSTAG, TSTAG, RENO, ISIZ, ENPM, QQINF, ISHAD, IORIEN,
IMPACI, ISHADI, IDERIV, V, IGTYPE, DELTAE, SWEEP,
RETRAN, HML, HMR, PFS)

f. Length

13156 bytes
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11. SUBROUTINE SHKEXP (DECK AROS)

This subroutine performs a shock expansion analysis along a stream-
wise strip of elements.

a. Algorithm

The element is first checked to see if it is the first element in a
strip. If it is, the local properties on it are calculated by the
appropriate method and saved for use on the next element. For
the next element in the strip the turning angle is calculated and
either the compression or the expansion routine is used to deter-
mine its local properties (pressure coefficient, Mach number,
and temperature).

b. Input/Output

None

c. Error

An error condition occurs when the number of initial strip
elements is greater than 100, and when the wrong initial element
method has been input.

d. Subroutines Required

COMPR, EXPAND, GONE

e. Argument List

(IORIEN, N, M, IPRCK, NX, NY, NZ, DELTA, PFS, MACH,
IGTS,, DELTAR, IMPACI, CPSTAG, TFS, CP, G, ISHADI,
IFIRST, LL, IPRINT, IGTYPE, RHOFS, AFS, VIS, V, RENO,
ISMODE)

f. Length

4472 bytes
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1Z. SUBROUTINE FLOSEP (DECK AROK)

This subroutine has the task of detern~ining the effect of flow separation
caused by the deflection of a control surface.

a. Algorithm

The flow separation calculations are performed in three cycles.
The first cycle is with the control deflected and determines if
separation wl occur. The second cycle determines where the
separation occurs and the pressure changes due to separation.
The third cycle calculated the final pressure, using the normal
program input method in combination with the flow separation
increments.

b. Input/Output

None

c. Error

An error condition occurs when the number of streamwise elements
for the control fore-surface and flap is greatez than 125.

d. Subroutines Required

TEMP, COMPR, SHKEXP

e. Argument List

(!GT, LL, N, M, NX, NY, NZ, XCENT, YCENT, ZCENT, AREA,
XPA, YPA, ZPA, IGTYPE, IORIEN, IPRCK, DELTA, PFS,
MACH, DELTAR, IMPACI, CPSTAG, TFS, CP, G, ISHADI,
IFIRST, ITSBP, IFSCY, iGTS, IMPS, ISHS, L, XLE, DELTAE,
SWEEP, CPNIN, DELCPC, XATACH, XSEPP, ISPNT, IMPACT,
ISHAD, RETRAN)

f. Length

10208 bytes
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13. SUBROUTINE SKINFR (DECK AROL)

This routine calculates viscous forces for both laminar and
turbulent flows including viscous -interaction and planform
effects. Also, the viscous induced pressures are determined.

a. Algorithm

The basic program constants and control flags are first
established. The routine then starts a major DO-loop to
calculate the viscous forces on each of the skin-friction
surfaces. This involves the following steps: Calculate
the surface planform geometry, local flow conditions,
surface temperature, viscous -interaction effects, laminar
and turbulent visc--s forces, and summation of forces for
either laminar or turbulent as specified. If desired, the
induced pressure increment due to viscous-interaction is
also calculated. At the user's option, the skin friction may
be calculated by the reference temperature, reference
enthalpy, or theSpalding-Chi methods.

b. Input/Output

If IS(I, 7) = 1, skin friction data for each surface will be
printed.

c. Error

An error condition will occur if the input Mach number is
subsonic.

d. Subroutines Required

TEMP. CONE, COMPR, EXPAND, NEWTPM, HEADER

e. Argument List

(ALPHA, CA, SREF, SKIN, NS, ALT, MACH, CPSTAG, TFS,
PFS, AFS, RHOFS, IFIRST, IIS, ISIZ, CN, IGTYPE, DELTA)

f. Length

10,030 bytes
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14. SUBROUTINE COMPR (DECK AROM)

This routine calculates the local flow properties using conventional
oblique-shock relationships (NACA TR 1135).

a. Algorithm

First the constants in the oblique equation are calculated. A
check is made for shock detachment, arid if the shock is not
detached the three real roots for the cubic are found. If the
shock has detached, the conditions will be calculated by the
NEWTPM routine. The proper root is selected and local flow
conditions are calculated.

b. Input/Output

None

c. Error

An error condition will occur if a negative value is found for
sine theta squared. Set it to 0 and the program will continue.

d. Subroutines Required

NEWTPM

e. Argument List

(ANGLE, MER, IPRINT, CPSTAG, TFS, PFS, ISDET, IFIRST,
CP)

f. Length

2794 bytes
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15. SUBROUTINE EXPAND (DECK ARON)

This routine calculates the local flow conditions on a surface by using
conventional Prandtl-Meyer relationships (NACA TR 1135).

a. A] gorithrn

Calculate the Prandtl-Meyer angle after the expansion. Check
if the flow is to be compressed to subsonic conditions or if it
has expanded to an infinite Mach number (100). An iterative
procedure is used to determine the flow conditions after the
expansion fan.

b. Input/Output

None

c. Error

None

d. Subroutines Required

None

e. Argument List

(ANGLE, MER, !PRINT, ISDET, CP)

f. Length

2104 bytes
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16. SUBROUTINE NEW TPM (DECK AROO)

This subroutine calculates the pressure coefficients on a surface by
the blunt-body Newtonian + Prandtl-Meyer method.

a. Algorithm

This first section of this routine performs an iteration to find
the matching point !.{ch number. A Prandtl-Meyer expansion is
then calculated from the matching point condition to the local
element slope using the EXPAND routine. Finally, the pressure
coefficient and the local flow properties are calculated.

b. Input/Output

None

c. Error

None

d. Subroutines Required

EXPAND

e. Argumrent List

(ANGLE, EMN, CP, ETAC, iPRINT, MER, CPSTAG, TFS.
PFS, ISE, IFIRST)

f. Length

2862 bytes
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17. SUBROUTINE CONF (DECK AROP)

This subroutine solves for the local properties about
a cone in supersonic flow using empirically derived
equations,

a. Algorithm

Calculates the shock normal Mach number, surface
pressure coefficient and, at theuser's optiou the
following local flow properties on the cone surface:
pressure, density, temperature, velocity, speed of
sound, Mach number, viscosity, and Reynolds nux.--
ber per foot. Solutions are empirically derived for
a calorically perfect gas with ratio of specific heats
equal to 1,40.

b. Input/O-tput

None

c. Error

None

d. Subroutines Required

None

e. Argument List

(ANGLE, CP, ISDT)

f. Length

1256 bytes
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!8. SUBROUTINE BLUNT (DECK AROQ)

This routine calculates the viscous forces or, a blunt
body including low density effects.

a. Algorithm

Checks for ideal or real gas option, then calculates
local properties behind normal shock. Determines
local viscous forces and calculates low density
viscous-interaction effects.

b. Input/Output

IPRINT = 1, pertinent local and free-stream properties
and viscous force coefficients will be printed. (This is
intended for checkout only and IPRINT must be set
within the program.)

c. Error

None

d. $ubrutines Required

None

e. Argument List

(PFS, MACH, TFS, VIS, RHOFS, RB, RENO, TAU, IVISIN)

f. Length

1596 bytes
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19. SUBROUT2-E TEMP (DECK AROR)

This routine uses an iterative procedure to calculate the surface
equilibrium temperature for either an ideal gas or a real gas.

a. Algorithm

Calculate local and recovery enthalpy and general constants.
Check for type of calculation desired (ideal or real gas, tem-
perature input or calculate), proceed with iteration and de-
ternine local convective heating rate, reference Reynolds
number and compressibility factors. Print local skin friction
data and temperature iterations if required. -

b. Input/ Output

IPR hT = 1, temperature iterations and local skin friction
data will be printed.

IPRINT = 2, only local skin friction data V.ll be printed.

c, Eiror

None

d. -Subroutines Required

QC

e. Argument List

(EL, TR, RE, TS, NW, MER, IPRINT, RT)

f. Length

3620 bytes
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Z0. FUNCTION QC (DECK AROS)

This routine calculates the aerodynamic heating at the given wall
temperature.

a. Algorithm

Tests for laminar or turbulent flow, for reference method
or Spalding-Chi, and for ideal or real gas. Calculates
convective heating rate and sets certain quantities in
common.

b. Input/Output

None

c. Error

None

d. Subroutines Required

ROMU (three entries, ROMU, ROW, ENTHAL)

e. Argument List

(TW)

f. Length

Z132 bytes
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21. FUNCTION POLY (DECK AROT)

This routine generates an N-th order polynomial.

a. Algorithm

Polynomial is evaluated for the input order and coefficient
array at a specified starting value.

b. Input/Output

None

c. Error

None

d. Subroutines Required

None

e. Argument List

(A, I, HX, N)

f. Length

444 bytes
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22. FUNCTION ROMU (DECK AROU)

This routine calculates various equilibrium air real gas
properties. Has three entries; ROMU, ENTHAL, and ROW.

a. Algorithm

ROMU determines the density-viscosity product as a
function of the input enthalpy and pressure.

ENTHAL determines the enthalpy as a function of the
input temperature and pressure.

ROW calculates the density as a function of the input
-' enthalpy and pressure.

b. Input/Output

None

c. Error

None

d. Subroutines Recuired

Poly

e. Argument List

ROMU (HS, P2), ENTHAL (TW, PW), ROW (HS, P2)

f. Length

2478 bytes
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23. BLOCK DATA (DECK AROV)

This routine initializes data arrays into common required in
calculating equilibrium air real gas properties.

a. Algorithm

Data arrays are initialized at time of compilation into
labelled common /PROP/.

b. Input/ Output

None

c. Error

None

d. Subroutines Required

None

e. Argument List

None

f. Length

1080 bytes
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24. SUBROUTINE ATMOS (DECK AIROW)

This routine calculates the atmospheric properties using the 1962
U. S. Atmosihere.

a. Algorithm

Set up arrays and constant values. Calculate atmospheric
properties assuming an inverse square gravitational field.

b. Input/0-utput

c. Error

None

d. Subroutines Required

None

e. Argument List

(A3, A08, A4, Al, A6)

f. Length

1792 bytes
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25. SUBROUTINE PLUNGE (DECK AROX)

This routine calculates Cm. and Cy for wings, bodies, and tails.

a. Algorithm

Read the Plunge Derivative Control Card (Type 14). Check
correctness of input data flags. Read in plunge derivative
data (Card Types 15,. 16, 17, 18, 19, 20, 21) as required.
Select proper calculation method, determine KBW if required,
and calculate final derivatives.

b. Input/Output

Card Types ]4, 15, 16, 17, 18, 19, 20, and 21

c. Error

An error condition occurs if the input flags are wrong, or if the
card types are in error.

d. Subroutines Required

ELPI

e. Argument List

(IDERIV, CMA, CYB, CMADT, CYBDT)

f. Length

5540 bytes
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26. SUBROUTINE ELP1 (DECK AROY)

This routine approximates the values of the elliptical integrals of
the first and second kinds.

a. Algorithm

The approximation to a value of the elliptical integral of the
first kind is given by

K(k) = (a + aIn +... +a 4
4 ) + (b + blr + ... + bl4) in 1 n

where q = 1 -kZ

a = 1.386294361 b = 0.50 0

aI = 0.0966634426 bI = 0. 124985936

a2 = 0. 0359009238 b 2 = 0. 0688034857

a3 = 0.0374256371 b3 = 0. 0332835534

a4 = 0.0145119621 b 4 = 0.0044178701

The approximation to the value of the elliptical integral of the
second kind is given by

E(k) = (a + a 1 T +... + a 4 ) + (b o + b il +... + b4 ) In-

where TI = 1 - kz

a = 1.0 b = 0.0
o 0
a I = 0.4432514146 b 1= 0.2499836831

a2 = 0.062606C1ZZ b2 = 0.0920018004

a 3 = 0. 0475738355 b3 = 0.0406969753

a4 = 0. 0173650645 b4 = 0.0052644964

b. input/Output

None

c. Error

None

d. Subroutines Required

None

e. Argument List

(AK, AKK, E, NERROR)

f. Length

828 bytes
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27. SUBROUTINE VECTOR (DECK AROZ)

This routine converts input thrust vector data to coefficients and
adds the results to the vehicle aerodynamic coefficients.

a. Algorithm

Set up initial conditions and constants. Read in a force
vector and convert to force coefficients. Print the results
if required. Continue to read in force vector" data until
LAST equals one.

b. Input/Output

Thrust Vector Data Cards (Type 22)
Thrusf Vector coefficient contributions are printed if IPRINT = 1.

c. Error

An error condition occurs if the card type number is wrong.

d. Subroutines Required

HEADER

e. Argument List

(MACH, PFS, SREF, XCG, YCG, ZCG, SPAN, MAC, ALPHA,
CD, CL, CA, CY, CN, BETA, LOD, CLM, CLL, CLN)

f. Length

2304 bytes
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28. SUBROUTINE GRAPIC (DECK GRPA)

This is the Executive routine for the graphics part of the program.

a. Algorithm

Print that GRAPHIC OPTION HAS CONTROL and select the
proper graphic routine depending upon the value of !PROG.

b, Input/Output

None

c. Error

None

d. Subroutines Required

PICTUR, PLOT

e. Argument List

(IPROG)

f. Length

536 b ,tes
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29. SUBROUTINE PICTUR (DECK GRPB)

This routine prepares an output tape for procession on the SC-40Z0.
The result will be pictures of the vehicle with the selected viewing
angle s.

a. Algorithm

Read the Picture Drawing Program Element Data Title Card
(Type 31) and the Element Data Control Card (Type 3Z). Read
the surface element data either from Tape 5 or from Tape 8
as directed. Read plotting instruction data (Card Types 34, 35,
36, and 37). Set up starting constants for pictures. Read
element data from Tape 3 using the same techniques as for
SDATA and convert to quadrilaterals. Generate scale grids if
required. Plot points and draw lines between the points as
directed by the input data. Print the detailed element char-
acteristics if PRINTS is equal to 1.

b. Input/Output

Element Data Title Card (Type 31), Element Data Control Card
(Type 32), Element Data Cards from Tape 5 or Tape 8 (Type 3),
Picture Control Data Card (Type 34), Grid Data Card (Type 35),
Scale Label Card (Type 36), and Plot Title Card(s) (Type 37).
If PRINTS is equal to I the detailed element characteristics will
be printed on Tape 6 (just as is the case for SDATA).

c. Error

An error condition occurs if a card type number is wrong.

d. Subroutines Required

HEADR2, SC-4020 routines

e. Argument List

None

f. Length

16180 bytes
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30. SUBROUTINE HEADRZ (DECK GRPC)

a. Algorithm

This routine provides the title at the top of each page of the
output and advances the page counter. This routine is very
similar to the HEADER routine.

b. Input/Output

Program header is printed at top of page on output Tape 6.

c. Error

None

d. Subroutines Required

None

e. Argument List

None

f. Length

350 bytes
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31. SUBROUTINE PLOT (DECK GRPD)

This routine is used to produce graphically plotted data as obtained
from the aerodynamics part of the program.

a. Algorithm

Read in plotter control cards. As directed, read aerodynamic
data from Tape 9. Prepare plot scales and grids. Plot data
and connect data points as directed.

b. Input/Output

Data Source Control Card (Type 41), Vertical-Title Card (Type 44),
Horizontal-Title Card (Type 45), Plotting-Grid Data Card (Type 45),
Plot Control Array Card (Type 47), and Horizontal-Lable Card(s)
Type 48).
Output plots are on the SC-4020 tape.

c. Error

An error condition occurs when the card type number is wrong.

d. Subroutines' Required

None

e. Argument List

None

f. Length

10772 bytes
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26. SUBROUTINE ELPI (DECK AROY)

This routine approximates the values of tb.- eipti = . integrals of
the first and second ki;nds.

a. Algorithm

The approximation to a value of the elliptical integral of the
first kind is given by

K(k) = (a + al +... a 4  + (b + blr +... +b -q 4 In,

where 1- k2

a = 1.386294361 b = 0.5

aI = 0.09666344Z6 bI = 0. 124985936

a2 = 0. 0359009238 b2 = 0. 0688024857

a 3 = 0.0374256371 b 3 = 0.0332835534

a 4 = 0.0145119621 b4 = 0.0044178701

The approximation to the value of the elliptical integral of the
second kind is given by

E(k) + a + .. ,+ +a 4  + ( + b +.., + b 4
4 ) In-

where T1 
= 1- k2

a = 1.0 b 0.0
0 0

a I = 0.4432514146 b- 0.2499836831

a 2 = 0. 0626060122 b2 = 0.0920018004

a 3 = 0. 0475738355 b = 0. 0406969753

a = 0.0173650645 b= 0.0052644964

b. Input/Output

None

c. Error

None

d. Subroutines Required

None

e. Argument List

(AK, AKK, E, NERROR)

-, Lergth
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Z 1, SUBROUTINE VECTOR (DECK AROZ)

This rovtine converts input thrust vector data to coefficients and
adds the resulis to the vehicle aerodynarric coefficients.

a. "Algorithm

Set up initial. conditions and constants. Read i: a force
vector and convert to force coefficients. Print the results
if required. Continue to read in force vecto." data until
LAST equals one.

b. Input/Output

Thrust Vector Data Cards (Tipe 22)
Thrust Vector coefficient contributions are printed if IPRINT = 1.

c. Error

An error condition occurs if the card type number is wrong.

d, Subroutines Require

HEADER

e. Argument List

(MACH, PFS, SREF, XCG, YCG, ZCG, SPAN, MAC, ALPHA,
CD, CL, CA, CY, CN, BETA, LOD, CLM, OLL, CLN)

f. Length

2304 bytes
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28. SUBRoUTN.E GRPPIC (DECK GRPA)

TLhis is the Ex,cutive 'routine ior the graphics part of the program.

a, Aigorithnm

Print that GRAPHIC OPTXON HAS CONTROL and select the
proper graphic routine depending upon the value of IPROG.

b, Input / Output

None

c. Error

None

d. Subroutines Required

PICTUR, PLOT

e. Argument List

(IPROG)

f. Length

536 b'tes
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SU3OUTNLE PICTIUR (DECK GRPB)

This rouitine Prepares an output tape for procession o)n the SC-40MQ
The rsiw be pictures oi the vehicle with thez selected viewingIangles.
a--. Algorithm

Read the Picture Drawing Prograrn Element Data Title Card

(Type 31) and the Element Data Control Card (Type 32).' Read
the surface elemnent data either from' Tape 5 or- from Tape 8
as directed. Read plotting instruction data (Card Types 34, 35,
36, and 37). Set up starting constants for pictures. Read

element dlata from Tape 3 using the same techniques as for
SDATA and convert to quadrilateral!s. Get 1erate sc. ,e grii'.s if
required. Plot points and draw lines between the pcints as
directed by the input data. Print the detailed element char-
acter3stics If IFRINTS is equal to 1.

b. Input/Output

Element Data Title Card (Type 31)., Element Data Control Card
(Type 32), Elemnent Data Cards frorn .:'ape 5 or Tape 8 (Type 3),IP;Cture Control Data Cardl (Type 34), Grid Data Card (Type 35),
Scale Label Card (Type 36). and Plot Title Card(s) (Type 37).
If PRINTS iS equal to J, the detailed elerment characteristics will
be printed on Tape 6 (just as is the case for SDATA).

C. Error

IAn error condition pccurs if a card type number is wrong.

d. Subroutirie5 Pequired

iJFADR-2, SC-4G020 r~to

e. Arguxient List

None

f.Length

16180 bytes
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30. SUBROUTINE I-EADPSZ (DECK GRPC)

a. Algori-chm

This routine prof ' des the title at the top of each page of the
output and advrances the page counter. This roitinc is very
similar to the HE ki: Z- routine.

b. Input!Output

Program header is prixuted at top of page on output Tape 6.

C. Error

None

d. Subroutines Requir .d

N one

e. Akrgurnent List

None

f. Length

3250 bytes
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31. SUBROUTINE PLOT (DECK GRPD)

This routine is used to produce graphically plotted data as obtained
from the aerodynamics part of the prograrn.

a. Algorithm

Read in plotter control cards. As directed, read aerodynamic
data from Tape 9. Prepare plot scales and grids. Plot data
and connect data points as directed,

b. Input /Output
L

Data Source Control Card (Type 41), Vertical-Title Card (Type 44),
Horizontal-Title Card (Type 45), Plotting- Grid Data Card (Type 45),
Plot Control Array Card (Type 47), and Horizontal-Lable Card(s)
Type 48).
Output plots are on the SC-4020 tape.

c. Error

An error condition occurs when the card type number is wrong.

d, Subroutines Required

None

e. Argument List

None

f. Length

1077 bytes
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32. SUBROUTINE SLABD (DECK SLBA)

This routine generates the element data for a simple slab delta vehicle.

a. Algorithm

Read in Slab Delta Title Card (Typ- 50), and the Configurdition
Control Card (Type 51). if required read in the Thickness
Correction Cards 'Type 52 and 53). Read in a Cross-Section
Data Card (Type 54) and calculate the element data for this
X-station. Write the card images on the r.gular output Tape 6
if required and al io on the geometry storage Ta',e 8.
Continue until all the X-stal:ion cards have been read.

b. Input/Output

Slab Delta Title Card (type 5C), Slab Delta Sweep Card (Type 51),
and the Slab Delta Station Data Card (Type 54). If ITOC is
equal to 1 the Thickness Correction Cards (Type 52 and 53)
are also input. I
The card images ef the element data are written on the normal

output Tape 6 if IPRINT equals 1, and also on the geometry
storage Tape 8.

c. Error

An error condition occurs when a card type number is wrong.

d. Subroutines Required

TTABLE

e. Argument List

None

f. Length

7584 tytcs j
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33. SUBROUTINE TTABLE (DECK SLBB)

This routine performs the interpolation to fir.d the thickness correction
factors for the Slab Del a Routine.

a. Algorithin

Search fcr the proper points in the data table to be used in the
initerpolation. Call on the quadratic interpolation routine,
QLWT, to obtain the interpolated value,

b. Input/Output

None

c. Error

None

d. Subrouines Required

QINT

e. Argument List

(A, B, C, D, R, G, GI)

f. Length

1888 bytes
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34. SUBROUTINE QLNT (DECK SL.BC)

a. Algorithm

Perform a qua iratic interpolation with the given values.

b. Input / Output

None

'. Error

None

d. Subroutines Required

None

e. Argument List

(Ql, QZ, Q3, Q4)

f. Length

490 bytes
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if 35. SUBROUTINE CARD (DECK CARD)

This routine rerds geormetry data from a tape unit andii punches the iy,,formation on cards.

The version for use -with tae IBM 360 reads the data
fron Tape 8 and writes the same information on the
pliunch unit (Unit 7).

b. Input/ Output

Reads geometry data from rape 8 and writes the same
nornmation on the punch unit (Unit 7)

C. Error

d. Subroutines Reqired

None

e. Argument List

None

f. Len-Th

460 bytes
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APPENDIX B1

PROGRAM MNEMONIC LIST

This appendix contains an alphabetic liat of all symbols used in the Marl: 1II
Mod 0 program. The list is divided into five fields which are described
as follows:

(i) The first field contains the symbol

(ii) The second field contains the letters I, L, or R, denoting integer,
logical, or real variable respectively.

(iii) The third field contains the letters A, C, D, U, denoting argument
list. common, dimensione i, or undimensioned, variable respectively.
The hierarchy of the above letters is A, C, D, U.

(iv) The fourth field contah, s the definition of the symbol.

(v) The fifth field contains the name of the subroutine in which the
symbol occurs.
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APPENDIX C

PROGRAM ARRAYS

This program contains a number cf subscripted variable arrays. Most of
these are single parameter arrays and are described in Appendix B. How-
ever, some of the arrays are used to represent several different program
parameters. The most important of these are listed below. All of these
arrays are used in the skin friction calculations.

Array
Item Des cription

ANGLE() Angle through which flow is compressed or expanded.

For an upper surface, + for expansion
- for compression

For a lower surface, + for compression
- for expansion

ANGLE(Z) Compression or expansion angle (absolute value of ANGLE(l))

ANGLE(3) Shock angle for compression and Mach angle for expansion

TR(1) Altitude

TR(2) Mach number

TR(3) Velocity

TR(4) Angle of attack of flight reference plane

TR(5) Wall temperature, degrees Rankine, laminar

TR(6) Wall temperature, degrees Rankine, turbulent

TR(7) Wall enthalpy, laminar

TR(8) Wall enthalpy, turbulent

TRI9) Adiabatic wall enthalpy, laminar

TR(IO) Adiabatic wall enthalpy, turbulent

FS(I) 1low conditions before shock or expansion

FS(l) Density, slugs/ft 3

FS(2) Pressure, pounds/ft2

FS(3) Temperature, degrees Rankine

FS(4) Speed of sound, feet/sec

FS(5) Viscosity, slugs/ft-sec
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Array
Item Description

FS(6) Ma& clbnber

FS(7) Velocity, feet/s%c

FS(8) Reynolds number per foot

BS(I) Flow conditions behind shock or expansion. See FS above
for individual parameters.

SCF(1) Total skin friction coefficient based on free stream pro-
perties and reference area. This is the sum of the proper
combination of laminar and turbulent coefficients. Value
in the lift direction.

SCF(2) Total skin friction coefficient, value in the drag direction.

CFI,(I) Laminar skin friction values.

CFL(l) Local average coefficient based on incompressible
relations.

CFL(Z) Local average coefficient based on local flow conditions.

CFL(3) Free stream skin friction coefficient based on local length.

CFL(4) Total skin friction coefficient based on vehicle reference
area.

CFL(5) TotaW. *s friction coefficient in the lift direction.

CFL(6) Total skin friction coefficient in the drag direction.

CFT(I) Turbulent ikin friction values (see CFL above).

TS(1) Reference temperature, degrees Rankine, laminar.

TS(2) Reference tempqrature, degrees Rankine, turbulent.

RE(1) Reference Reynolds number based on local length, laminar.

RE(2) Reference Reynolds number based on local length, turbulent.

RF(I) Recovery factor, laminar.

RF(2) Recovery factor, turbulent.

RT(l) Recovery temperature, laminar.

RT(Z) Recovery temperature, turbulent.
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